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ABSTRACT
Nanofluidic Applications of Silica Membranes
John Michael Stout
Department of Electrical and Computer Engineering, BYU
Doctor of Philosophy
This work presents membrane development applicable in nanofluidic devices. These membranes can also be termed suspended thin films, supported on two or more edges. I first discuss
motivation and background for developing these structures. Then I derive the formative principles
for nanofluidic systems. Following the derivation of the Navier-Stokes and Washburn equations,
I discuss applying these theories to planar nanofluidic capillaries and finish the derivation by discussing the forces that drive liquid flow in nanochannels.
I next discuss the membrane development process, starting with my work in static height
traps, and develop the concept of analyzing nanoparticles using suspended membranes. After
reviewing the lessons learned from the double-nanopore project I discuss developing an oxide
layer tuned to the needs of a membrane and present the design of an adjustable membrane structure.
Afterward, I discuss modeling and simulating the structure, and present a procedure for fabricating
robust membranes.
I then explain applying the membrane structure to form a nanofluidic pump and document
the process for recording and analyzing the pumping characteristics for nanodevices. As part of
the pump section I propose a theory and model for predicting the behavior of the pumps.
I next present applying active membranes as nanoparticle traps. I document a quick-turn
optical profilometry method for charicterizing the devices, then present experimental data involving trapping. Early results show that the device functions as a nanoparticle concentrator and may
work well as a size-based trap for nanoparticles.
I conclude by summarizing the main contributions made during my course of study and by
providing supplemental material to guide future research.

Keywords: fluidics, microfabrication, nanotechnology, pumps, silicon dioxide, nanopore, nanoparticle, fractionation, NEMS
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in part g. When the device is left in acid, the metal cores are removed leaving only
hollow nanochannels, as illustrated in part h. . . . . . . . . . . . . . . . . . . . . . . .
One nanofluidic channel is shown cut down the middle, lengthwise. Portions of the
top oxide layer have been thinned, creating a series of membranes that may be actuated.
In this figure, the simulated model is shown with exaggerated proportions. Key dimensions are marked. Deflection is visible but is not exaggerated as much as in Figure 4.4.
The portion of the membrane over the hollow channel has the width marked with W
and the length marked with L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The structure simulated in ANSYS, viewed from the side. Members are shown in the
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The membrane collapse versus applied voltage is shown for the three main simulations.
Two of the models started with a 100 nm channel height, and the third started with
an initial height of 80 nm. All three demonstrate steady, controlled collapse of the
membrane, without entering the pull-in region. . . . . . . . . . . . . . . . . . . . . . .
This figure plots the maximum stress experienced by the membrane as a function of
displacement. The thinnest membrane (Simulation 2) experiences the highest stress,
in part because the cross-sectional area is so much smaller than the other simulated
structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The top view of the device design is illustrated with all major parts labeled. Components are not to scale. The distance between reservoirs is 1 mm, and the mask layout of
the channels places 20 µm channels with 20 µm spacing between them. The electrodes
over the channels are about 35 µm wide, and the contact pads are 500 µm square. The
whole device fits onto a die 1 cm square. . . . . . . . . . . . . . . . . . . . . . . . . .
The fabrication process as seen in cross section. Step a shows a silicon wafer, coated
with a layer of thermally grown oxide. Photoresist is then patterned in the shape of
sacrificial cores, and trenches are etched in BOE to a depth of about 130nm. Aluminum
is then evaporated over the trenches, filling them with about 100 nm of the sacrificial
core material. The core formation process is finished when the excess aluminum is
lifted off by removing the resist, as seen in step b. Step c shows the thin layer of
membrane oxide covering the cores, and d shows the stop etch silicon layer over that.
Thick top oxide is grown over the wafer in step e, and then reservoirs are etched, and
the aluminum cores are removed, resulting in the structure shown in step f. Step g
shows the final device, after having a trench etched down to the stop etch and a layer
of aluminum evaporated into the trench as the top electrode. . . . . . . . . . . . . . .
This photograph of a completed wafer shows the grid of 49 chips with other alignment and fabrication guide features. The wafers have a mirror-like reflectance when
finished, so photos show only portions of the wafer as illuminated. The difference in
colors between different devices in the illuminated band is due to thin-film interference.
This figure compares two images taken over the membrane region at different bias
voltages. On the left the membrane is set to a bias of 0 V, which should represent the
rest state of the device. On the right the membrane is biased 70 V above the substrate.
Both pictures were taken with a 100X lens, and with the “focus assist” dots overlaid.
The focus assist dots show portions of the field of view that are in focus. Comparing
the two images, we can see small differences between the two in the array of focus
assist dots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
This image shows the result of subtracting the 0V photo from the 70V photo. Most of
the background is removed through this process, and we are left with the portion that
changed in focus between the images, or the portion that physically moved. . . . . . .
Measurements taken from 3D profiles are shown for 0 V in the upper left, 50 V in the
upper right, and 80 V in the lower left. The lower right image shows a combined plot
of ten voltage levels. We can see that the membrane begins to actuate around 50 V and
rapidly finishes actuation above 60 V. . . . . . . . . . . . . . . . . . . . . . . . . . .
Actuation data for air filled channels. . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Peristaltic pumping is diagrammed above. At time t1 the channel is compressed where
the arrows indicate, forcing liquid to the right. Rollers, membranes, or other constricting mechanisms move the constricted area to the right at times t2 t8, forcing the
contents of the tube to be expelled to the right. . . . . . . . . . . . . . . . . . . . . .
The schematic of the control circuit is shown. The High and Low inputs receive a nonoverlapping signal from the control logic, and the Chip Output pin drives one pump
electrode. Two power supplies are needed for this circuit, one for driving the relays,
and the other do drive the pump. The ground for the control circuit is isolated from the
ground for the pump to avoid ground-loops and other artifacts. . . . . . . . . . . . .
The user interface for the pump controller program is shown above. The boxed regions
separate the automatic mode controls from the manual mode controls. In manual mode
the buttons may be clicked, toggling the electrode indicated on the button to the state
indicated on the button. In automatic mode the user selects a pump sequence, and
enters an operation frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The logic control module is a Raspberry Pi computer, which is shown in a clear plastic
case. It is connected to the high voltage driver through an IDE-style cable and breakout PCB. The high voltage inputs, switching circuitry, and outputs are soldered to the
tan PCB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The pump wafer with probes and backside connection is shown under the objective of
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CHAPTER 1.

INTRODUCTION

Microfluidic systems are found in the body as blood vessels. They are found in plants,
carrying nutrients and water to the farthest branches. These and other natural systems can be taken
as inspiration for the growing field of microfluidics. This field is an example of how a drive for
improvement has created new and exciting scientific capabilities. Microfluidic devices have helped
us study how fluids react in micro-scale spaces, and have allowed us to apply the lessons to each
succeeding generation of microfluidic structures. These developments have influenced disciplines
of research and medical treatment. Just as microfluidics has allowed for improved analysis, measurement breakthroughs, and a better quality of life, the developing field of nanofluidics, which
compresses the scale factor of microfluidics, promises similar benefits.
Microelectromechanical systems (MEMS) have characteristic dimensions on the micron
(1 × 10−6 m) scale and are now common. These devices are ink nozzles in printers, accelerometers
in phones, digital micro-mirror devices in projectors, biosensors in medical diagnosis systems,
and tire pressure sensors in automobiles. The wide success of these devices is due in part to
the cost-effective nature of highly parallelized fabrication, which these devices leverage to their
advantage. Another driver for success is the devices’ ability to integrate into existing systems,
providing additional functionality.
The microfluidics field has grown into an industry valued at approximately $10 billion
this year and projected to grow quickly over the next five years [1]. The emerging nanofluidics
field builds on groundwork laid in microfluidic research and has the potential for an equally large
impact [2]. This dissertation focuses on a structure that expands nanofluidic device capabilities.
Our understanding of nanofluidics is still immature, and many authors on nanofluidic devices note that while microfluidic models hold qualitatively, theory and measurement deviate increasingly as the scale shrinks [3], [4]. Adding to the difficulty, many methods of imaging, fabrication, and testing are not scalable to the nanoscale.
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The work presented here lays the groundwork for a family of nanofluidic devices, expanding our ability in the field. The devices discussed herein may enable us to construct systems that
advance this developing field and allow us to achieve things only imagined previously.

1.1

Background
The nanofluidic field needs basic system component options to grow. In order to progress,

the field still needs basic building blocks of a fluidic system, such as pumps, valves, and detector.
Two building blocks of paramount importance are pumps and detectors.
Testing has been successful for nanofluidic pumps that use the phenomena of electroosmosis [5]–[9], electrophoresis [10], electrowetting [11], evaporation [12], and external pressure [13].
Other researchers have proposed and simulated pumps using charge-induced flow [14], [15], mechanical vibrations [16], and screw assemblies [17]. Among the devices reported no nanofluidic
pumps use physical displacement to transport fluids.
Methods for inducing nanofluidic flow such as electroosmosis, electrophoresis, and electrowetting use electrical contact with the liquid, which poses a high risk of contaminating the
sample and potentially altering its properties, which is undesirable if the device is to be used for
analysis. Additionally, several of these methods require being driven with potentials in the kilovolt
range, which is a significant drawback for systems that aim for miniaturization and portability.
The basis for our innovative nanofluidic pump combines a nanofluidic channel with a series
of flexible membranes that can induce additional pressure and restrict flow by compressing the
membranes in a specified order. This structure has the potential to act as a pump by restricting
flow one direction and inducing a pressure in the other direction.
Components in nanofluidic systems experience strong forces from capillary action, which
delivers pressures in the MPa range. The structure described herein actuates using electrostatic
forces, which are very strong at the nano-scale separations that characterize these nanochannels.
The strength of the electrostatic forces is on the same scale as the surface forces.
Nanofluidic detection schemes are another area that have been widely explored. Detection
methods include concentrating [18], [19], fluorescence [20]–[22], resistive pulse sensing [23]–[25],
electrochemical impedance spectroscopy [26]–[32], liquid chromatography [33], [34], LAMP [35],
[36], and other optofluidic detection techniques [37]–[40]. Physical trapping [41]–[43] is used
2

to concentrate particles and make detection easier and is usually utilized alongside one of the
preceding detection schemes, such as fluorescence.
Prior research has reported nanofluidic devices that can physically trap and detect viruses
[44] and proteins [45]. These devices are simple to fabricate and use and can detect a wide variety
of particles through a fluorescence detection scheme. Traps that operate based on physical size
may be useful for characterizing the size distribution of a specific type of particle, as well as
separating of a mixture of particles. Since the creators of earlier devices fabricated them with fixed
dimensions, the types of particles that could be analyzed were limited by the device’s fabrication
specifications. New devices would need to be fabricated for particles that did not “fit” the capture
dimensions of the device.
A series of devices based on this physical trapping platform was demonstrated that used
two or three height steps [42], [44], [45]. An illustration of particle trapping with these devices
is shown in Figure 1.1. Particles are trapped and accumulate as the liquid carrying them flows
past the height steps. Particles that concentrate at each interface can be detected, as explained in
Chapter 6. The analysis provided by these devices is clear and fast, with results available within
minutes.

Figure 1.1: This illustration shows trapping and separating nanoparticles of various sizes with
nanosieves with two and three height segments. Liquid with nanoparticles is introduced on the left
side, and flow proceeds to the right. Particles become stuck and accumulate at each interface based
on the size of the particle and the height of the smaller segment.

Active membranes improve upon this static physical trapping platform. With flexible membranes forming an adjustable height step, a single device may trap a much wider range of particles.
3

Further, several membranes could be employed to have several stages of trapping. As in the earlier
devices, detection can be carried out by fluorescence when particles concentrate behind an activated membrane. It may also be possible to close two membranes around a particle to capture it in
a small region so further analyses may be performed.
This work details the design, simulation, and testing of a nanofluidic pump, trap, and valve,
that all employ the same structure. The advantages of devices made with this structure are that the
same control signals can be used to control multiple pumps, they are compact, and are implemented
with standard fabrication process.
This dissertation is organized into chapters that focus on various aspects of the development
or application of the flexible membrane structure. Chapter 2 presents theory characterizing and
predicting capillary fluid flows, with special emphasis on the planar nanochannels utilized in the
pump and trap devices. The project that inspired the development of a suspended membrane is
presented in Chapter 3, and the details of the structure design are given in Chapter 4. An application
for the membrane structure as a nanofluidic pump is given in Chapter 5. Trapping experiments are
reviewed in Chapter 6. A summary of my contributions and publications comprises Chapter 7.
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CHAPTER 2.

CAPILLARY NANOFLUIDIC FLUID FLOWS

Fluid flow in capillaries are governed by the Navier-Stokes (NS) equation. The derivation
for this equation relies on the principles of conservation of mass and conservation of momentum.
After deriving the NS equation, we discuss principles that drive flow in capillary channels, such
as surface tension, and develop the governing equations for the specific case of planar nanofluidic
channels.

2.1

Mass Conservation
We begin with the equation for mass conservation, which is expressed as
∂
∂t

Z

ρdv = −

V

I

ρ~u · n̂ds,

(2.1)

S

where t is time, V is the volume observed that has a surface S, ρ is the density of the fluid, ~u
is the velocity of the liquid, and n̂ denotes the normal to the surface S. Since density is simply
an expression of mass per unit volume, taking the integral of the density over the volume V will
yield the total mass within V. Taking the derivative with respect to time simply expresses the
rate of change in mass of the observed volume V. On the right-hand side, the term ρ~u describes
the velocity of the mass per unit volume of the liquid, and the dot-product takes the portion with
velocity normal to the surface. Integration over the whole surface calculates the total mass entering
and exiting V. Figure 2.1 depicts a control volume as a red sphere, with flow lines of liquid in blue.
Our coordinate system for the following derivation will be adopted with the positive direction to
the right, and negative direction to the left. We assume that liquid is flowing from left to right along
the path indicated.
It is convenient for both the integrals of Equation 2.1 to be expressed as integrals over the
volume, rather than surface integrals. The conversion from surface integrals to volumetric ones is
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Figure 2.1: The sketch above illustrates in blue the flow of liquid passing through a volume (red
sphere, V) with surface (S). Flow proceeds from left to right in the positive direction.

done by applying the Divergence Theorem, which is given as
Z

I

∇ ·~adv =

V

~a · n̂ds.

(2.2)

S

Applying the divergence theorem to the right-hand side of Equation 2.1 we get
I

ρ~u · n̂ds =

Z

S

∇ · (ρ~u) dv,

(2.3)

V

which can be substituted back into the mass conservation equation, yielding
∂
∂t

Z

ρdv = −

Z

V

∇ · (ρ~u) dv.

(2.4)

V

If we then define the observed volume as constant, the derivative on the left-hand side may
be moved into the integral, and the expression becomes
Z
V

∂ρ
dv = −
∂t

Z
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V

∇ · (ρ~u) dv.

(2.5)

With two similar integrals we can rearrange and combine terms, yielding
Z 
V


∂ρ
+ ∇ · (ρ~u) dv = 0.
∂t

(2.6)

For this condition to be met for any volume, the integrand must be equal to zero. This condition
leaves us the simple expression of
∂ρ
+ ∇ · (ρ~u) = 0.
∂t

(2.7)

For the case of an incompressible fluid the density will be constant. Since the observed
volume has already been defined as constant, the mass encompassed by volume V will not change,
and the expression becomes
∇ ·~u = 0.

(2.8)

The divergence of the velocity represents a measure of if “more” velocity is entering a point
than exiting that point, or if the volume (and therefore mass) is changing. As expected, within a
system of incompressible liquids there will be no change in mass. This relationship is used to
simplify the expression for momentum conservation, which will allow us to derive an expression
for the flow rate in the channel.

2.2

Momentum Conservation
Momentum is conserved when the rate of change in momentum is equal to the momentum

added or removed to the system. Sources of momentum include body forces, surface forces, and
momentum influx due to liquid flow through the defined volume.
Momentum is simply the product of mass and velocity, therefore the momentum per unit
of volume can be written as the density times velocity. When the momentum per unit volume is
integrated over the whole volume the result will be the total momentum within the volume V. The
rate of change in momentum may then be found by taking the derivative with respect to time. The
whole expression is
∂
∂t

Z

ρ~udv.
V
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(2.9)

This system is again illustrated in Figure 2.1. The integral of density over the volume V will yield
the total mass, and body forces acting on the mass of liquid may be expressed as
Z

ρ ~f dv,

(2.10)

V

where ~f is a force acting on a unit of mass, such as gravity.
The concept of momentum influx due to fluid flow is illustrated in Figure 2.2. If a liquid is
flowing at a velocity ~u, the momentum per unit volume of the liquid is ρ~u. Let us define a small
section of the surface, denoted ∆s. If we look at a portion of the momentum outside the surface of
area ∆s and of thickness ∆x, the quantity of momentum in this volume is ρ~u∆s∆x. We will define
the momentum influx velocity as U = −~u ·~n, which is a negative quantity, because the sign for
the surface normal must be opposite to that of the flow velocity for liquid to be flowing into the
volume. Furthermore, we will define the thickness of the slice as ∆x = U∆t. Combining these
terms, the momentum influx in a unit of time ∆t is equal to Φ = ρ~u∆s∆x = ρ~u∆sU∆t, and the flux
rate will be equal to Φ/∆t = ρ~uU∆s, or Φ/∆t = −ρ~u(~u · n̂)∆s. We can then integrate this quantity
over the whole surface S to find the total momentum influx, which is expressed as
−

I

ρ~u (~u · n̂) ds.

(2.11)

S

Surface forces include stress forces due to viscous effects and pressure. Pressure is always
normal to surfaces and independent of the liquid velocity, so the total pressure acting on the surface
S may simply be written as the integral of the pressure over the surface, which is
−

I

pn̂ds.

(2.12)

S

Viscous stress forces may be written as
I

2ηD · n̂ds,

(2.13)

S

where η is the viscosity of the liquid and D is the deformation tensor. The deformation tensor
describes any dependence of the viscosity property on velocity, stress, and if the liquid has an
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Figure 2.2: This figure illustrates momentum flow into the observed volume through its surface, S.
Momentum flows at velocity U and enters the surface through section ∆s. In this two-dimensional
depiction, only ∆sy is shown. The amount of momentum to flow through the boundary during time
∆t is Φ = ρ~uU∆s∆t.

isotropic response to these conditions. For the purpose of this work we will assume that the fluids
are Newtonian, which implies by definition that the viscosity has no dependence on velocity or
stress. We will also assume that the liquid response is isotropic.
Combining terms now the full expression for conservation of momentum is
∂
∂t

Z

ρ~udv = −

I

V

ρ~u (~u · n̂) ds −

I

I

pn̂ds +

S

S

2ηD · n̂ds +

Z

S

ρ ~f dv.

(2.14)

V

We again apply the Divergence theorem to express all the integrals in terms of the volume, and the
expression becomes
∂
∂t

Z

ρ~udv = −

V

Z
V

ρ~u · ∇~udv −

Z

Z

∇pdv +
V

2η∇ · Ddv +

V

Z

ρ ~f dv.

(2.15)

V

As each integral is in terms of our volume V we can simplify total expression by taking the derivative of each term with respect to dv, yielding the expression

ρ

∂~u
− ρ~u · ∇~u − ∇p = 2η∇ · D + ρ ~f .
∂t
9

(2.16)

When the fluid is Newtonian, the viscous term simplifies to 2η∇ · D = η∇ · ∇~u = η∇2~u. With this
simplification the equation has now reduced to

ρ

2.3

∂~u
+~u · ∇~u − ~f
∂t



= −∇p + η∇2~u.

(2.17)

Capillary Channel Case
Liquid flow in the tight constraints of a nanochannel can be characterized as typically lam-

inar flow by using the Reynolds number, which is defined as
Re = ρ

UL
,
η

(2.18)

where U is the characteristic velocity of the flow and L is the characteristic length. Flow is described as laminar for low Reynolds numbers. Even if we define our laminar cutoff point as Re = 1,
for water (ρ = 1 g/cm3, η = 0.01 g/cm s) in a nanochannel with a characteristic length of 100 nm
the flow speed required to exit the laminar flow regime would be 1 km/s, a speed far exceeding
measured filling results. Thus, for the device discussed in this work we can assume the flow in
nanochannels will be laminar in nature. The restriction to laminar flow implies that inertial forces
(terms with ρ~u) will be completely negligible, causing those terms in the Navier-Stokes equation
to vanish. When we write the expression now we are left with only three terms:
− ρ ~f = −∇p + η∇2~u.

(2.19)

This expression leaves us a simple formula for calculating flow velocity given viscosity, density,
an applied pressure differential, and any fields that attract or repel the fluid.

2.3.1

Driving Flow in Capillaries
Others have reported driving flow through the application of external electromagnetic fields

[11], [15]. In simple capillary filling no fields are applied along the length of the nanochannels, so
we will neglect any field effects on the flow velocity. With negligible field forces, the expression
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simplifies to
∇p = η∇2~u,

(2.20)

which leads us to the conclusion that flow in the case of nano-scale horizontal capillaries must be
driven by an applied pressure differential.

2.4

Planar Nanofluidic Channels
Let us determine the velocity of liquid when filling a capillary. When liquid is introduced

to the channel entrance it experiences forces that draw it into the channel. These forces are due
to surface tension and exert themselves over any interface between the liquid and anything else.
When this force is experienced between the liquid and air interface a pressure differential is defined
that draws the liquid into the channel. The flow that is generated by surface tension may therefore
be considered pressure driven flow.
Pressure driven flow is also known as Poiseuille flow. If we consider a fully developed
flow, there are two main characteristics of this flow style that will provide boundary conditions for
the derivation. First, maximum flow velocity occurs in the center of the channel. Second, the flow
velocity at the walls conforms to the no-slip condition, which means that the velocity there is zero.
Let us adopt the coordinate system shown in Figure 2.3, and define the channel width as w and
the height as h. The channel is centered on the x and y axis, such that the walls of the channel are
at x = −w/2 and x = w/2, and the ceiling and floor of the channel are at y = h/2 and y = −h/2
respectively. The entrance to the capillary is at z = 0, with liquid filling toward the right.
Laminar flow is defined as flow in parallel layers, with no disruption between layers [46].
Since liquid is filling the channel flowing in the ẑ direction, we will assume that only that component is non-trivial. We can then expand Equation 2.20 into the following form:

η

∂ 2 uz ∂ 2 uz ∂ 2 uz
+ 2 + 2
∂ x2
∂y
∂z


=

∂p
.
∂z

(2.21)

For the planar nanochannels discussed in this work, the width dimension is assumed to be
much greater than the height (w >> h). With this kind of aspect ratio, the velocity profile in the x
dimension will be approximately constant compared to the velocity profile in the y dimension. We
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Figure 2.3: Here we show the coordinate system for deriving flow in rectangular nanochannels
superimposed over a drawing of a channel. Liquid is shown in blue, and the portion of the channel
that is not filled is white. Liquid is flowing from left to right, and the y axis and z axis are clearly
marked. The x axis is not shown but is defined with the positive direction coming out of the page.

will also look at the velocity at a given z position. Applying these conditions, we will state that
∂ 2 uz
∂ x2

=

∂ 2 uz
∂ z2

= 0, which yields a simplified expression

η

∂ 2 uz
∂ y2


=

∂p
.
∂z

(2.22)

We would like to solve Equation 2.22 for uz , so we will integrate both sides with respect to
y, which results in
η

∂ uz ∂ p
=
y +C1.
∂y
∂z

(2.23)

The integration constant may be found by applying the boundary condition of maximum flow
velocity in the center of the channel, which is expressed as
∂ uz
∂y

= 0.

(2.24)

y=0

When this boundary condition is applied we find that C1 = 0.
The expression can again be integrated on both sides with respect to y yielding
ηuz =

∂ p y2
+C2.
∂z 2

12

(2.25)

The constant C2 can be found now by recalling that the velocity at the walls is zero, which
is expressed as
uz |y=− h , h = 0.

(2.26)

2 2

Applying this condition to Equation 2.25 yields
C2 = −

h2 ∂ p
,
8 ∂z

(2.27)

which in turn allows us to find an expression for uz , as in
∂p 1
uz =
∂z η




y2 h2
−
.
2
8

(2.28)

The mean flow velocity can then be found by taking a simple arithmetic mean of Equation
2.28, integrating from −h/2 to h/2 and dividing by the total height. The resulting expression for
average flow velocity is
∂p 1 1
u¯z =
∂z η h


h2
−
dy
2
8

Z h/2  2
y
−h/2


∂ p 1 1 y3 h2 y
u¯z =
−
∂z η h 6
8

(2.29)

h/2

(2.30)
−h/2

∂ p 1 1 h3
∂ z η h 12
∂ p h2
u¯z =
.
∂ z 12η
u¯z =

(2.31)
(2.32)

Assuming now that the pressure drop across the z axis of the fluid is constant, we can replace the
derivative with a simple ratio,
u¯z =

∆p h2
,
z 12η

(2.33)

where ∆p is the pressure drop across the air-liquid interface, and z is the length the liquid has
traveled in the nanochannel. Equation 2.33 is known as the Washburn equation [47].
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2.4.1

Pressure
One driving source of pressure in capillaries is due to the effects of surface tension. Con-

sider the interface of a liquid drop on a solid substrate in air. The surface tensions for each interface
at this triple point are illustrated in Figure 2.4.

Figure 2.4: This diagram illustrates the relationship of various surface tensions in an air-liquidsolid interface. The shape of the interface may also be described by the contact angle (θ ) and the
surface tension between the liquid and air (γla ).

The Young-Laplace equation is given as

∆p = pl − pa = γla


1
1
+
,
R1 R2

(2.34)

where pl is the pressure in the liquid, pa is the pressure of the air, γl a is the surface tension of the
liquid-air interface, and R1 and R2 are the orthogonal radii of curvature of the interface. Both radii
are defined as positive if the center of the curvature is on the liquid side of the interface. If we take
the special case of rectangular nanochannels of width w and height h, Junker et al. [48] give the
pressure due to surface tension as

pc = γla


cos θ1 + cos θ2 cos θ3 + cos θ4
+
,
w
h

(2.35)

where θ1 and θ2 are the contact angles measured from the left and right edges of the dimension w,
and θ3 and θ4 are contact angles measured from the top and bottom edges of the h dimension.
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Surface tension is not the only pressure generating mechanism, and additional pressure
generation sources have been applied to capillary systems to induce flow [6], [13], [18], [49].
Observations of these systems show a departure from the predicted fill velocities as characteristic
dimensions decrease, and external systems tend to have difficulty coupling to the small microand nano-fluidic systems. Another difficulty in generating pressure for driving micro- and nanoscale flows is that the pressures needed are very large, typically in the MPa range for nanofluidic
systems.
Surface tension is capable of producing the pressures needed to fill nanofluidic channels,
but additional problems occur when only this filling method is used. The pressure differential is
experienced when there is an interface between air and the liquid, and once the channel has filled
no additional flow is produced from these forces. If the system needs to fill a capillary and needs no
more flow when the channel is full, capillary action may suffice for that application. If additional
flow is needed, in the slightest amount, capillary forces cannot be the only filling mechanism
employed.
We can use the Washburn equation (Eq 2.33) to both predict and produce flows in nanofluidic systems. By controlling the pressure differential (∆p), the average flow velocity (ū) can be
altered for a nanochannel. Using the principles of capillary action and peristaltic pumping motion
we can induce pressures on the liquid that result in a controlled flow velocity. Including a pumping
method will allow us to design systems that require flows that are beyond the limits of unassisted
capillary action. One of the primary topics presented in this work is a method of generating the
significant pressures needed for capillary flow on the nanoscale using electrostatically activated
silica membranes.
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CHAPTER 3.

MEMBRANE DEVELOPMENT

The development of active membranes began during a project known as the double-nanopore
trap (DNP) [50]. The purpose of this project was to develop a device with vertically aligned
nanopores, to be used in trapping and sequencing DNA. While nanopores have been shown promise
as a platform for analyzing DNA [51], there are a few common obstacles that prevent the method
from becoming a viable method for genome sequencing. One key problem is that the typical
electrophoretic method of pulling a DNA strand through nanopores results in the strand passing
through the nanopore much too fast for transcription to take place [52]–[55]. With only one pore to
establish both translocation and sense currents there is constant tradeoff between the high current
needed for reliable sensing and the low current desired for slow, steady translocation. An instrument with two nanopores could then be used to set up competing electrophoretic flows that would
be used to slow down the passage of the strand to more manageable velocities.
Analysis using the proposed double-pore instrument would be conducted with a number
of biological samples. These samples are obscure to many fields of study, so the terms are defined briefly here. The terms dsDNA and ssDNA refer to double strand and single strand DNA,
respectively. Single strand DNA is simply a double strand that has been separated into two pieces
along its length by a process, typically an enzyme. One of these enzymes that operates on DNA
is known as RecE, and is responsible for degrading one strand of dsDNA to individual nucleotide
products [56]. RecA is a protein that binds to an unwound 3’ filament, and promotes strand exchange [57]. The full function of these entities is beyond the scope of this work, but the basic
functions are employed in testing the DNP device.

3.1

Double Nanopore Device Concept
There are three primary benefits to a system with two vertically aligned nanopores. First,

DNA could be immobilized by an anchor bead too large to fit into the pore, while the DNA strand
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is stretched between the pores, allowing detailed measurements of any enzyme interaction with the
strand as the enzyme passes through the pores. Measurements would be made by recording the
current through each pore as a function of time. Figure 3.1 illustrates this process, with the process
of a conversion from double-stranded DNA to mononucleotide products by the enzyme RecE [56].

Figure 3.1: A depiction of the nanopore structure with DNA stretched between the pores and
an enzyme traversing the DNA strand from bottom to top is shown on the right. On the left, a
hypothetical reading of the current detected through the lower pore indicates clear areas where the
pore is restricted by double-strand DNA (dsDNA), the entrance, obstruction, and exiting of the
RecE enzyme, and the final current with only single-strand DNA (ssDNA) in the pore.

The second major advantage to an aligned double pore construction is that the SNR of
the system can be increased, while keeping the translocation speed of the DNA strand low. Single nanopore detection and double nanopore detection are compared in Figure 3.2. In the single
nanopore case a strand of DNA is moved into the nanopore by electrophoresis. The voltages V1
and V2 provide the electrophoretic force. The system will have some characteristic resistance,
represented by the resistances shown to the side of the diagram. Since the nanopore has a much
smaller cross-section than the liquid channels the resistance RPore should be much larger than
RTop and RLower. While DNA is in the channels, we expect that the resistances of RTop and
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RLower will not change appreciably. Once the strand enters the nanopore it will occlude a significant portion of the pore cross-section, causing a drop in the current flowing between V1 and V2.
Nucleotides entering the pore will cause a change in current that can be used to detect the structure
of the strand [58]. Because the resistances for the pore and channels are very high the total current
is in the tens of pico-amps range. The simplest way to increase the sensitivity of the method is to
increase the current by increasing the voltage, but increasing the voltage in this system also leads
to a faster translocation time for the DNA strand. Unfortunately, increasing the speed also makes
accurate recording of the miniscule currents typical to this process prohibitive.

Figure 3.2: Analysis in a double nanopore setup is compared to a single nanopore setup. Equivalent
system resistances for both cases are shown on the side.

In the double pore case, we can adjust the voltages at three points, allowing us some extra
control over the propagation of the strand. In Figure 3.2, the case on the left shows the doublenanopore. The difference between V1, V2, and V3 still cause the strand to move through electrophoresis, but now the voltages may be set to induce a lower translocation rate while keeping
the signal-generating voltages high. Suppose we set V2 at 0 V, V1 at a high voltage, and V2 at
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the level of V1 plus ∆V . The electrophoretic force pulling the strand from the middle to the top
channel would be slightly lower than the force pulling the strand from the middle to the lower
channel, and the DNA will move toward the lower channel. This setup will allow us to control the
motion of the strand by introducing small differences in the voltages V1 and V3. With V2 low, the
difference between V2 and V1 or V3 will still be high enough to create a large enough current to
detect.
The third method that a series of nanopores can improve detection is through signal correlation, as illustrated in Figure 3.3. When a strand of DNA passes through the top nanopore it will
cause a dip in the current measured. As the strand progresses a similar dip will occur later as the
strand occludes the lower pore, offset by a time relating to the speed that the strand is being driven
at. This correlation could aid in detecting structural variations in DNA samples.

Figure 3.3: Correlation between signals of two nanopores is illustrated above. The signals on the
right correspond to the current through each pore. The signals are offset because of the time taken
to traverse the separation between the pores.
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3.2

Fabrication Process
The primary fabrication challenge to overcome in the project was to fabricate two mem-

branes, vertically aligned, robust enough to permit liquid analysis and nanopore formation. These
membranes needed to be formed on a substrate that would hold the rest of the nanofluidic channels and analysis platform components. We designed the fabrication process to use a 4” wafer and
designed the masks for photolithography in Cadence Virtuoso. A top view design of the device
layout is shown in Figure 3.4. Each color represents a patterned layer of the design. The design
places two microfluidic channels on the chip, one oriented vertically and the other horizontally.
The channels overlap and are centered on the chip. Sandwiched between the channels is a layer
of silicon nitride, and an electrode. The nitride layer is not shown in Figure 3.4, because the layer
covers the whole wafer and is not patterned. The channels are opened at the ends by the rectangular
features and room for reservoirs is accounted for by the circular outlines.
A cutaway depiction of the device with major layers showing is in Figure 3.5. The cutaway
region is along the vertical blue line in the center of Figure 3.4. The fabrication process will
reference Figure 3.4 and Figure 3.5. It begins with a bare silicon wafer, over which a base layer
of 500 nm of thermal oxide is grown. This layer is used as electrical isolation and forms the floor
of the nanofluidic channels. The ends of the channels will need to be exposed without removing
the base layer of oxide, so a stop-etch of chrome is formed by first evaporating a layer about
50 nm thick, and then patterning it in the shape of the rectangular regions shown in Figure 3.4.
The excess chrome is removed with chrome etchant and then the horizontal cores (pink layer in
Figure 3.4, also shown in cross section in Figure 3.5) are patterned with a negative liftoff resist.
Aluminum is evaporated to the desired thickness (normally about 100 nm) and then the wafer
is submerged in acetone to lift off the excess aluminum. At this point the wafer is put into a
plasma-enhanced chemical vapor deposition (PECVD) machine and the nitride layer is grown.
The membrane thickness varied between 50-100 nm.
The vertical cores (blue layer in Figure 3.4, also shown in Figure 3.5) are then patterned
with a negative liftoff resist and aluminum is evaporated over the whole wafer. These cores are
finished by placing the wafer in acetone to remove the photoresist and excess aluminum. The top
membrane is now grown in the PECVD machine, and a stop etch feature is patterned in the center
of the intersection of the cores. This feature is too small to be seen in Figure 3.4, but can be seen
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Figure 3.4: The DNP device design is shown with layers shown in different colors. The blue layer
is a metal layer, and is used in outlining and identifying the chip, as well as forming the vertical
sacrificial core. The purple layer is used as a chip outline again and the horizontally oriented
sacrificial core. The yellow line that converges to the center of the core intersection is an electrode
layer, and the hashed yellow rectangles illustrate the boundaries of the liquid entrance reservoirs.
Orange circles show approximate locations where macro-sized liquid reservoirs can be attached.
The chip is about 1.3 cm x 1 cm.

as the yellow feature in Figure 3.5. In that illustration the stop etch has already been cleared from
over the membrane, but at this point in the process it appears as shown in Figure 3 8. The stop-etch
is made from an evaporated layer of chrome, and then the excess is lifted off by soaking the wafer
in acetone.
A 3 µm thick layer of silicon dioxide is grown over the wafer, which strengthens the top
and sides of the nanochannels. With the top oxide in place the remaining processes remove the
sacrificial material from the channels and remove the oxide from over the channel intersection,
forming a micropore. The ends of the cores are exposed by patterning the wafer with resist, leaving
only the yellow rectangular regions in Figure 3.4 open. These regions are etched in BOE for a
few minutes to remove the oxide, then the resist is cleaned off and then a layer of chrome was
evaporated over the whole wafer. This chrome layer was then patterned with small micropore
holes above the stop-etch features. The stop-etch features were designed as squares, 8 µm long
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Figure 3.5: The layers of the DNP device are shown in cross-section. The inset picture in the upper
left of the diagram shows the location of the cross section on an actual device photo. Materials are
depicted in different colors in the drawing, with blue showing silicon dioxide layers, pink showing
silicon nitride, and yellow showing stop etch layers. The silicon substrate is shown in grey.

on a side. The smaller micropore features were 4 µm square. Holes were made in the chrome
etch-mask layer by etching with chrome etchant, and then the micropore features were etched with
a dry etch. The etch-mask layer protected the top of the wafer while allowing holes to be etched in
the oxide, down to the chrome stop-etch.
The cores, etch-mask, and stop-etch layers are all made of metal, so they were removed
in aqua regia, a mixture of HCl:HNO3 (3:1), heated to 90 ◦C. The channels were then made
hydrophilic by soaking the wafer in Nanostrip heated to 90 ◦C. Nanostrip is viscous, so it required
a long water soak to remove it from the channels. After cleaning out the channels the wafer would
be dried, packaged, and shipped to our collaborators at the University of California at Santa Cruz
(UCSC).
Metal cores were removed with Aqua Regia, a mixture of HCl:HNO3 (3:1). When heated
to 90 ◦C this mixture removed the cores after about 6 hours of etching. Photoresist cores were
removed with Piranha, which is another acid mixture. Piranha is made by mixing sulfuric acid
and hydrogen peroxide in a ratio of 1:1. This mixture is also heated to 90 ◦C. The time to remove
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photoresist cores is much longer, and typically takes a week. The process goes a little faster if the
mixture of Piranha is refreshed each day.
Nanopores were milled in an Ion Mill at UCSC. Figure 3.6 shows the micropore region on
the device with a nanopore that has been milled in it. The final size of the micropore is about 5 µm
square, and the nanopores were milled between 50 and 80 nm in diameter.

Figure 3.6: On the left a micropore is shown, with a region outlined corresponding to the zoomed
in region shown on the right. We quickly discovered that due to the vigorous nature of the core
removal etches, the micropore etch needed to be completed after the cores were removed. The
core etch produces pressures in the channel that would pop the membranes, which would render
the device unusable.

3.3

Challenges
Imaging the micropore for defects with a light-microscope is not possible, due to the size

of the pore and limitations of our microscopes. Defects are readily visible when imaged with a
scanning electron microscope (SEM), but such sessions are time-consuming and costly. In order
to quickly verify that the membranes were functional we devised a different method of testing
whether the membrane was intact. If the membrane and cores were intact, we could place a drop of
water over the portion sealed by top oxide and no liquid would enter the channel. If the membrane
had been compromised then water could enter the channel, and it would be seen filling from the
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center, rather than from the reservoirs. This test is simple, fast, and inexpensive. The equipment
required is a microscope or simple magnifying glass and a syringe or pipette. This test allowed us
to quickly test each iteration of the device and send our collaborator a map of functional devices
on the wafers.
The membranes were very fragile, and frequently were the source of problems for these
devices. Breaks in the membranes were common, as shown in Figure 3.7. Other defects included
micropores that were not centered on the channels, which allowed the sides of the core to be
exposed or broken, flakes of additional material on the membrane, and membranes that were completely missing. We tried changing the thickness of the membrane to mitigate the fragile nature
of the structure, but still the membranes would be defective. The cracked membrane problem was
only solved after investigating the intrinsic stress of the membranes and developing a recipe to
drive the stress as low as possible.
Membranes for this device were made of silicon nitride, which etches in BOE at a different
rate than oxide. The original recipe relied on the selectivity of BOE to etch oxide over nitride to
prevent the membrane from being removed during the micropore etch. This was not enough to
prevent the membrane from being removed by the etch, so we integrated a discrete stop etch into
the process. The materials we used were metals such as chromium and nickel. These layers were
evaporated and typically were between 50-100 nm thick. Integrating these layers was a crucial step
in enabling the membrane to survive its release from the top oxide layer. Another challenge with
this project was patterning small features over non-planar topology. An example of this is shown in
Figure 3.8, where the portion of the chip with the micropore is visible. The cores are designed to be
1 µm wide, and the stop etch square, visible as a lighter rounded-corner square where the channels
cross, is designed to be 8 µm square. Alignment can be tricky for small features, but the key
problem is when there are existing features on the wafer. Existing features cause the photoresist to
spin on non-uniformly, which in turn changes the needed exposure, development, and bake times.
Some defects were not solved until the project concluded. We consistently struggled with
producing membranes that would survive the fabrication process, and even if they did, they would
frequently break during transfer to our collaborators or their testing. Some successful membranes
were fabricated that were 100 nm thick, but the thicker membranes made particle analysis more
difficult. We determined after analyzing the pattern of broken membranes that the membranes
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Figure 3.7: A cracked membrane within the micropore is shown at high magnification. Cracks,
holes, and other defects are easily seen at this magnification, but are not typically visible under a
traditional microscope.

would always break if the intrinsic stress was too high. When we acquired a device for measuring
stress we made measurements and saw that the intrinsic stress of the silicon nitride layer was much
too high to allow the membrane to survive as a suspended component when it was made thin
enough to facilitate analysis.

3.4

Processes Developed
We determined that a robust suspended membrane needs not only an adequate support

structure, but also material properties that allow the membrane to survive. One key property is
intrinsic stress. Designing a low stress recipe is only possible with an advanced degree of control
over recipe parameters, which the machines in our lab were not capable of producing at the time
this project was running. We began to be aware of the problem in our thin dielectric films after
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Figure 3.8: The micropore region is shown before etching the micropore. This version of the chip
has an integrated electrode. The channels have had the sacrificial material removed in acid, and
the stop etch feature is visible where the channels intersect.

the acquisition of our stress-measurement microscope and were able to develop low stress recipes
after upgrading the PECVD machines in the lab.
Intrinsic stress is a stress that films can experience even when at rest with no external forces
applied. These stresses are experienced by most materials forming thin films [59], which can cause
problems in the structure. Films may be pulled tight under tensile stress, and the stress magnitude
is given a positive sign. Compressive stress collapses the film in on itself, and es measured with a
negative magnitude. A comparison of films under tension and compression is shown in Figure 3.9.
We can see that when the film is pulled tight across the suspended gap it can stay flat, but if the
film is being compressed it can wrinkle.
Many studies discuss the source of intrinsic stress [60]–[63] and there are many methods
of mitigating stress, including process recipe control [64]. This is an attractive method because
deposition parameters can be varied to modify the intrinsic stress in a layer, allowing us to “tune”
layer to have lower stress, or even change the stress from tensile to compressive.
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Figure 3.9: This figure compares the potential deformation of a film under tension (top) versus
a membrane under compressive stress (bottom). The membrane under tension is being stretched
across the gap and appears flat, though it may crack if the magnitude of the stress is too high. When
a membrane experiences compressive stress it may buckle to relieve the stress.

With the additional ability afforded by the Zeta 3D profilometer and a new PECVD machine my colleagues [65] were able to develop a low stress recipe for silicon dioxide. The recipes
available with our old machinery produce films with stress in the hundreds of mega-Pascal (MPa)
range and were not grown very uniformly. This standard recipe produces a film with an intrinsic
stress of -24 MPa. This lower stress helped the membranes to survive the fabrication process, but
carries a negative sign indicating that the film is under compression. As expected, when the film
is compressed there is no visible movement from the structures, as a deformation of 100 nm is
sufficient to collapse the membranes. By tuning the pressure, gas mixture, flow rates, and power
we developed a low-tensile stress recipe that produces a film with an average of 13 MPa in intrinsic
stress. This recipe is included in Appendix A. The fabrication advances and material considerations
that were pioneered in this project paved the way for other projects that take advantage of robust
membranes. Work done by my colleagues and myself has led to a nearly stress-free membrane,
one capable of surviving fabrication and even actuation.
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CHAPTER 4.

STRUCTURE DEVELOPMENT

This section discusses the design of an active membrane (electrostatically actuated) device in several stages. The basic structure concept is presented first. Following that, the material
comprising critical device components is discussed along with the implications of the choice. A
discussion of the theory of actuation follows, with preliminary calculations regarding the functionality of the device. Simulations are presented next, adding detail and more reasonable estimates of
the device performance. The chapter concludes with a brief fabrication outline including important
notes and key pitfalls.

4.1

Basic Structure
Building on prior nanofluidic channel work done by Hamblin et al. [44], [66], Xuan et

al. [42], and Kumar et al. [45], we started the design process with the idea of integrating thinned
membranes on planar nanofluidic channels. These planar nanofluidic channels are simple to construct and allow great flexibility in adjusting the critical dimension of the channel. Planar nanofluidic channels may be created as follows.
The fabrication process for sacrificially etched nanochannels is illustrated in Figure 4.1. In
this figure, colors correspond to the materials that are used. Grey is used to represent the silicon
wafer substrate, white is for the aluminum cores that are used in these devices, the photoresist is
colored red, and the translucent blue parts are the layers of silicon oxide.
Fabrication begins with a silicon substrate. On the substrate, first deposit a layer of metal
(part a). The thickness of the metal dictates the height of the resulting nanochannels. The metal
is patterned with photoresist (part b) and then the exposed parts are removed through selective
chemical etching (part c). When the photoresist is removed only the metal sacrificial cores remain
(part d). These cores are then coated with silicon dioxide, grown by a plasma-enhanced chemical
vapor deposition (PECVD) process (part e). Portions of the glass are protected with photoresist
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(part f), and the oxide is removed in buffered oxide etch (BOE), exposing the ends of the sacrificial
metal cores (part g). The channels are completed by removing the metal cores in an acid bath, after
which only hollow channels are left (part h).

Figure 4.1: A fabrication process for planar nanochannels is illustrated above. Colors indicate
different materials; grey represents the silicon substrate, white is the sacrificial core material (frequently aluminum if a metal), red is photoresist, and translucent blue is silicon dioxide. Fabrication
begins by evaporating a layer of metal, as seen in part a. Photoresist is applied and patterned in
step b. The exposed metal is etched with an acid, leaving only the portion protected by photoresist
in step c. The resist is removed, leaving only the metal sacrificial cores in step d. With the cores
formed, a layer of silicon dioxide is grown over them in step e. In step f the oxide is coated with
a protecting layer of photoresist, leaving only the portions to be removed exposed. The exposed
oxide is then etched, thus exposing the ends of the nanochannels as shown in part g. When the
device is left in acid, the metal cores are removed leaving only hollow nanochannels, as illustrated
in part h.

These devices as previously fabricated provide an excellent platform for chemical testing
and nanoparticle sensing. The microfabrication process lends itself well to incorporate structural
modifications to create membranes over the channels. A modified device schematic is shown in
Figure 4.2. With portions of the top boundary thinned, a series of moveable membranes can be
formed. These membranes can be compressed, and function as valves or parts of a pump.
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Figure 4.2: One nanofluidic channel is shown cut down the middle, lengthwise. Portions of the top
oxide layer have been thinned, creating a series of membranes that may be actuated.

We intuited that for a membrane to collapse and appreciably constrict the channel, the
channel height will need to be very thin, and the channel will need to have a very wide aspect ratio.
These dimensions are discussed later when simulation results are presented in Section 4.4.

4.2

Material Choices
If the channel and membrane are to be fabricated from the same material, it must be stiff

enough to support a rigid channel wall, yet flexible enough when thin to allow the membranes to
collapse when actuated. An additional requirement is that the material should be stiff enough that
when the actuating force is released the membrane will spring back, rather than becoming stuck to
the channel floor. This kind of spontaneous adhesion is known as stiction [67], [68], and has been
well studied in MEMS devices.
As dimensions decrease, forces due to electrostatic attraction, van der Waals forces, and
surface tension forces increase. Strong forces and shrinking dimensions require that we assess the
materials that are used in the structure. Whereas materials typically thought of as flexible, such
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as metals and polymers [69], [70], may be used as large-scale compliant mechanisms these materials may not withstand the strong forces experienced by nano-scale components. Though not
classically considered pliable, silica shows promise as a stiff material that may bend enough. Additionally, silica is convenient to use in microfabrication recipes, and literature is widely available
characterizing it.
Another consideration for the material the channels are comprised of is the compatibility
with liquids. As a nanofluidic channel, we expect that the channel will hold a variety of liquids,
from water to various solvents and potentially acids. Silica is inert [71] and stable in most liquids
[72]. For systems that work with biological samples many coatings have already been investigated
that allow silica to be more biocompatible [73].

4.3

Structure Actuation
Actuating the thinned membranes may be done by any method that produces sufficient

pressure and has the response speed needed for membrane actuation. Electrical control is desirable, as it is precise, simple to control, and can have very fast response times. One contactless
electrical method of actuation relies on the principle of electrostatic attraction. This method uses
two electrodes, separated by a distance d. When a voltage is placed on the electrodes the force
between the two is
F=

1 CV 2
,
2 d

(4.1)

Where F is the force experienced by the electrodes, V is the voltage applied, d is the gap, and C is
the capacitance, equal to C = εA/d. For this definition ε is the permittivity of the material between
the electrodes, and A is the area of the electrodes.
In the case of this device, the capacitance is a function of the top and bottom oxides as well
as the gap formed by the channel. The total capacitance is

1
1 −1
=
+
Cox Cch
εch εox A
=
,
dch εox + dox εch


Ctot
Ctot
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(4.2)
(4.3)

where εch and εox are the permittivities of the channel and the silicon dioxide respectively, A is the
area of the electrode over the membrane, and dch and dox are the total thickness of the channel and
oxide between the electrodes.
This force will exert over the entire membrane, resulting in a pressure equal to
Pelectric =

1 Ctot V 2
,
2 dAm

(4.4)

where Am is the area of the membrane. Some of the force works on displacing the membrane itself,
which acts as a spring. The rest of the force acts on the liquid in the channel.
One characteristic of electrostatic actuators is the presence of a pull-in voltage. The pull-in
voltage characterizes way that the electrostatic and mechanical forces compete. The force due to a
mechanical spring increases linearly with displacement, but the force due to electrostatic attraction
is inversely proportional to the square of the electrode separation. Electrostatic force eventually
overpowers the mechanical spring and the electrodes snap together. The distance at which this
happens is the pull-in voltage.
To derive the pull in voltage, and the distance at which pull-in occurs, we need to first
balance the forces that act on the system. The membrane acts as a spring, which is governed by
Hooke’s law
Fm = km x,

(4.5)

where km is the spring constant of the membrane, x is the distance the membrane has been displaced, and Fm is the force exerted on the membrane.
If we then take the derivative of the electrostatic force from Equation 4.1 with respect to d
we can find an equivalent electrical spring constant,
ke =

∂ Fe
1 2CV 2
CV 2
= −
=
,
∂d
2 d2
d2

(4.6)

where the separation between the plates d = x0 − x.
The pull-in condition is met when these two spring constants are equal in magnitude. Additionally, the system should be in equilibrium just before pull-in occurs.
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The system is in equilibrium when Fe = Fm , which can be rewritten as
km x = Fe = Fm
km x =

(4.7)

1 εAV 2
2 (x0 − x)2

1 C (x)V 2
.
x=
2 (x0 − x) km

(4.8)
(4.9)

This expression allows us to calculate the equilibrium position given a particular stiffness (km ) and
voltage. The equation may be rearranged to
V2 =

2km x (x0 − x)
,
C (x)

(4.10)

and this form is used in the calculation of the pull-in distance.
The pull-in distance is found by substituting Equation 4.10 into
ke =

∂ Fe
1 2CV 2
CV 2
= −
=
,
∂d
2 d2
d2

(4.11)

resulting in
ke =

C (x)V 2
2

(x + x0 )

=

−2km x
.
(x + x0 )

(4.12)

When ke = km this expression simplifies to x = x0 /3. Thus, at one-third the initial plate
separation the critical pull in distance is reached, and the plates collapse. The voltage that causes
this displacement is found by simply substituting this value for x into Equation 4.10 and solving
for V, as in
s
V=

2 (x0 − x0 /3) km x0 /3
C (x)

(4.13)

s

2km 2x02
9Cx
s
2x0
km
V=
.
3
C (x)

V=
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(4.14)
(4.15)

At x = x0 /3 the capacitance C (x) = 1.5C0 , so the final expression simplifies to

V=

2x0
3

s

km
.
1.5C0

(4.16)

Control over the whole range of actuation is desirable, we can design the layer thicknesses
so that the pull-in distance is farther than the channel gap. In this case, the range of actuation is
only the height of the channel, which is typically around 100 nm, but the electrode separation is this
distance plus the thickness of the oxide, which is about 350 nm. In this case, the initial separation is
450 nm a rough estimate for the pull in distance is 150 nm, which will allow for precise control over
the entire actuation range. This range is only an approximation, as the prior derivation assumes
that the dielectric is homogeneous between the electrodes, and this device uses both liquid and
silica, which have vastly different dielectric constants. Additional error occurs because of fringe
capacitance and non-linear spring behavior of the membrane for large displacements [74].

4.4

Simulation and Results
Initial calculations for the device were promising, so the structure was modeled and sim-

ulated in ANSYS 18.1. Starting with the dimensions of the planar nanochannels previously discussed (Section 4.1) we implemented a model to predict the voltage needed for actuation, as well
as to test the effects of changing various dimensions.
Boundary conditions strongly influence the stiffness of a membrane, so a realistic simulation needs to include some of the area surrounding the primary area of interest. For the initial
simulations, the top oxide region was set as 2.5 µm, the channel width as 25 µm, the length of the
membrane was 30 m, the channel height was set to 100 nm, and the thickness of the membrane was
set as 200 nm. To simplify the modeling and reduce the simulation run time only a small region
around the membrane area was simulated, and deflection measurements indicated that movement
outside of the membrane region was small enough to justify the smaller area. Figure 4.3 shows an
exaggerated view of the model, with key lengths annotated.
Sharpe et al. [75] cite material parameters for PECVD silicon dioxide that were used in
this simulation, most critically the Young’s modulus which was given as 60.1 GPa, and the Pois-
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Figure 4.3: In this figure, the simulated model is shown with exaggerated proportions. Key dimensions are marked. Deflection is visible but is not exaggerated as much as in Figure 4.4. The
portion of the membrane over the hollow channel has the width marked with W and the length
marked with L.

son’s ratio, given as 0.17. An example simulation file written in the ANSYS Parametric Design
Language is included in Appendix A.
Simulations are run in the following sequence. Refer to Appendix A for more details
regarding commands and syntax. The working environment is set up by finishing any remaining
processes and setting the directory for output and intermediate files. After issuing the /BEGIN
command the geometric parameters, materials parameters, and convenient simulation parameters
are defined. The FINISH command ends this block of code for definitions.
Preprocessing begins by issuing the /PREP7 command. Potentially large deflections require
that we load nonlinear deflection models, after which we define the simulation model element
and apply material properties to the simulation model element. Blocks of the model element are
defined with the dimensions and locations previously defined, and then the whole model is “glued”
together, making it one solid piece. This solid model block is then broken into small elements to
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be simulated through the meshing process. Complex elements are meshed in 3D, using tetrahedral
elements. The model is now ready to have simulation conditions applied.
Boundaries are key elements in any mechanical system. Allowing a boundary to be free,
simply supported, or clamped will drastically change the mechanical characteristics of the members. Since the simulated region is part of a larger whole, all the outer boundaries are assumed to
be clamped, that is, not free to translate or rotate. After mechanical boundaries are defined, the
electrical nodes are defined, and the bias set to step through the range defined in the simulation
convenience parameter section. With the model complete and the simulation parameters set up the
preprocessor is closed with the FINISH command.
The simulation is started with the /SOLU command. The simulation parameters are brief,
simply stating to solve for the system in equilibrium at each bias step. Again, the FINISH command
ends this section.
The postprocessing section is included for convenience sake as the commands may be
issued here or manually in the program after the solution finishes. The section begins with the
/POST1 command and shows an animation of the structure at each simulation step. Data from
the simulation is exported to a file for plotting and analysis. This section, and this time the entire
script, conclude with the FINISH command.
Deformation is clearly visible from simulation results, as seen in Figure 4.4. As the initial
results were promising we ran simulations for several structures. The structure parameters and
abbreviated results are shown in Table 4 1. Simulations were performed for the voltage range of
0 130 V, with 26 voltage steps. The simulations show that full deflection will occur without the
membrane showing signs of pull-in behavior.
Another result of the simulation was the estimation of Von Mises stresses due to the deformation. At the full 100 nm deflection with a thin membrane in the second simulation (Sim2 in
Table 4.1) the simulated high stress points are 261 MPa. Since the fracture stress of PECVD oxide
is approximately 364 MPa [75] the membrane is expected to survive the deformation.
Data from the simulations were exported to a spreadsheet, and the results were plotted in
Figure 4.5. The three structures detailed in Table 4.1 show a controlled actuation through the entire
range of motion. For the first membrane, which was simulated with dimensions measured from
a channel after fabrication, full actuation occurs at about 130 V. The second membrane simulated
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Figure 4.4: The structure simulated in ANSYS, viewed from the side. Members are shown in the
same proportions, but deflection is greatly exaggerated.

Table 4.1: This table summarizes simulation parameters and selected results for three simulation
models. The simulations ran over a voltage range that allowed the membrane to deflect farther than the actual channel height would allow, so the measured deflection and stress
are taken from the simulation step closest to the actual channel gap height. In the
table, width refers to the W dimension in Figure 4.4), length refers to the L dimension in Figure 4.3), Thickness refers to the membrane thickness, and
gap tells the channel height (metal thickness in Figure 4.1d). The
deflection and max stress columns show the voltage at which
the channel is expected to close and the maximum stress
in the membrane due to the deflection. Simulation 1
uses values measured from fabricated devices.
Simulation
1
2
3

Width
(µm)
25.14
25
25

Length
(µm)
28.54
30
30

Thickness
(nm)
200
150
250
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Gap
(nm)
100
100
80

Deflection (nm)
102 (130 V)
103 (120 V)
81 (110 V)

Max Stress
(MPa)
123
261
128

used numbers from the original design, and actuated fully at about 120 V. The third membrane
simulated shows the effect of shrinking the channel height to a separation distance of 80 nm. This
membrane shows full actuation at about 110 V.

Figure 4.5: The membrane collapse versus applied voltage is shown for the three main simulations.
Two of the models started with a 100 nm channel height, and the third started with an initial height
of 80 nm. All three demonstrate steady, controlled collapse of the membrane, without entering the
pull-in region.

Stress in the membrane is a concern. PECVD films tend to deposit with some intrinsic
stress but can be tuned to some extent. Simulations show that at full actuation the stress in the film
will still be below the fracture point of 364 MPa [75] for each model. Simulation 2 is the closest
to the fracture stress at 261 MPa, which leaves a margin of error of about 30%.
Mechanical stress (σ ) is a measure of how much force is acting on a member and is defined
as the force divided by the cross-sectional area normal to the force. It is related to mechanical strain
(s) by the following relationship: σ = Es, where E is the Young’s modulus of the material, and s is
the strain. Mechanical strain is defined as the ratio of the change in length to the original length of
a member under unit stress. Since the membrane will undergo strain as it is displaced, we expect
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that the stress in the membrane will increase proportional to the displacement. As expected, the
simulations show that the stress in the simulated membranes the maximum stress point increases
as the displacement increases. Figure 4.6 shows stress data calculated from the simulations. We
see that the most stress is experienced by the thinnest membrane, which means that it has the most
chance of breaking during actuation. The lowest stress calculated is for the simulation of the device
with actual dimensions.

Figure 4.6: This figure plots the maximum stress experienced by the membrane as a function
of displacement. The thinnest membrane (Simulation 2) experiences the highest stress, in part
because the cross-sectional area is so much smaller than the other simulated structures.

4.5

Device Design
We designed a mask set to incorporate membranes onto a previously designed set of nanochan-

nels. This design places 200 nanochannels in parallel, between entrance and exit reservoirs. Electrodes are patterned over the channels, three that are intended for use in pumping and one to be
used as a valve or trap. Figure 4.7 illustrates the device design as seen from the top. There are
several advantages of having many pumps in parallel, one being that many pumps in parallel will
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increase the pump rate, and this design will demonstrate the potential for using many synchronized
pumps on a single chip. Second, while the device is being developed and tested, many redundant
devices are helpful to obtain results.

Figure 4.7: The top view of the device design is illustrated with all major parts labeled. Components are not to scale. The distance between reservoirs is 1 mm, and the mask layout of the
channels places 20 µm channels with 20 µm spacing between them. The electrodes over the channels are about 35 µm wide, and the contact pads are 500 µm square. The whole device fits onto a
die 1 cm square.

The device is fabricated on a silicon substrate, illustrated in Figure 4.8. The first step is to
grow a 300 nm layer of thermal oxide. We then pattern a layer of AZ nLOF 2020 in the shape of the
nanofluidic cores and etch trenches in BOE. The depth of the trenches is approximately 130 nm.
40

We then evaporate a layer of aluminum over the resist and in the trenches, partially filling them.
The excess aluminum is lifted off and the wafer is thoroughly cleaned. The membrane layers are
next and are comprised of a 200 nm layer of SiO2, a 30 nm layer of silicon, and another 150 nm
layer of SiO2. The top layer of SiO2 is patterned with AZ 3330 in the shape of electrodes and
etched in BOE. With the top oxide layer patterned to form an etch-mask, the resist is stripped off
and the exposed silicon is etched in KOH. The silicon stop-etch is now patterned, and the top oxide
layer is grown over the whole structure. Reservoirs are patterned over the ends of the channels in
AZ 3330, and the oxide is etched in BOE. After removing the resist, the wafer is left in a bath of
Aqua Regia for about 4 hours to remove the aluminum cores. The resulting structure is a series
of hollow nano-channels with entrance and exit reservoirs. The final fabrication steps remove the
layer of thick oxide from over the membrane areas. After thoroughly dehydrating the wafer the
electrode patterns are formed in AZ 3330 resist and baked longer than normal to improve adhesion
during etching. The top oxide is etched in BOE until the acid reaches the silicon stop etch layer.
A layer of aluminum is evaporated in the trench that was formed, and the excess is lifted off with
the resist layer. The wafer needs chemical treatment to remove the traces of resist that wicks into
the channels. Acetone removes the bulk of the resist, but a dip in hydrochloric acid helps finish the
clean and makes the channels hydrophillic.
One of the easiest ways to break the devices is to over-etch during the step when the membranes are released from the top oxide. One way of ensuring that a precise thickness of oxide has
been removed is to time the etch. This works well for many purposes, but the etch rate changes
with the age of the BOE, the composition of the oxide, and the size of the features that are being
etched. A more reliable method for ensuring a predictable etch depth is to deposit a layer under
the top oxide that has come to be known as a stop-etch. It is formed with a material that resists
the etchant used and allows the etch to complete despite etching non-uniformities. We employ a
stop-etch made of amorphous silicon to prevent the membranes from being accidentally removed.
Another way that the membrane can fail is through process drift. The low stress recipe
needs to be checked for drift approximately every month to avoid small changes over time building up to catastrophic process deviations. One symptom of overly stressed membranes includes
membranes popping off the finished device, and when this happens the oxide membranes can be
seen scattered over the surface of the wafer.
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Figure 4.8: The fabrication process as seen in cross section. Step a shows a silicon wafer, coated
with a layer of thermally grown oxide. Photoresist is then patterned in the shape of sacrificial cores,
and trenches are etched in BOE to a depth of about 130nm. Aluminum is then evaporated over the
trenches, filling them with about 100 nm of the sacrificial core material. The core formation process
is finished when the excess aluminum is lifted off by removing the resist, as seen in step b. Step c
shows the thin layer of membrane oxide covering the cores, and d shows the stop etch silicon layer
over that. Thick top oxide is grown over the wafer in step e, and then reservoirs are etched, and
the aluminum cores are removed, resulting in the structure shown in step f. Step g shows the final
device, after having a trench etched down to the stop etch and a layer of aluminum evaporated into
the trench as the top electrode.

Figure 4.9 shows a completed 4” wafer with an array of 49 chips. Alignment marks can be
seen on the sides of the wafer that help with the photoresist patterning process. Small electrode
contact pads can be seen on each chip. The 200 parallel nanochannels are visible as a simple grey
rectangle crossing the middle of each chip.

4.6

Preliminary Results
The structure is large enough to see under a microscope, but the movement is so small that

it can be difficult to record. Our first results were gathered with the Zeta 3D profilometer. Figure
4.10 shows two photographs taken of the device on the profilometer. The photos are of the same
region and were taken through a 100X objective. The grid of dots that is superimposed over the
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Figure 4.9: This photograph of a completed wafer shows the grid of 49 chips with other alignment
and fabrication guide features. The wafers have a mirror-like reflectance when finished, so photos
show only portions of the wafer as illuminated. The difference in colors between different devices
in the illuminated band is due to thin-film interference.

images is a feature of the 3D profilometer. They are a “focus assist” grid that show which portions
of the image are in focus. The distribution of the dots changes between the two pictures, showing
that there was some movement between the two states.
The raw images are difficult to interpret, so we can take the difference between the two
images, thereby subtracting out the portions that are the same, and leaving only the regions that
experienced change. Figure 4.11 shows the result of this subtraction. In this early device, only
a few of the membranes were able to survive the fabrication process and so only one moving
membrane is visible in this image.
A full 3D scan can be done with the Zeta profilometer, which yields a 2D picture with
height data associated with each pixel. The height resolution is good enough to measure basic
motion, as the reported resolution for the z-axis is 13 nm. With the initial promise of success, we
set up a series of test to measure the response of the membrane with and without water filling the
channels.
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Figure 4.10: This figure compares two images taken over the membrane region at different bias
voltages. On the left the membrane is set to a bias of 0 V, which should represent the rest state of
the device. On the right the membrane is biased 70 V above the substrate. Both pictures were taken
with a 100X lens, and with the “focus assist” dots overlaid. The focus assist dots show portions
of the field of view that are in focus. Comparing the two images, we can see small differences
between the two in the array of focus assist dots.

Figure 4.11: This image shows the result of subtracting the 0V photo from the 70V photo. Most
of the background is removed through this process, and we are left with the portion that changed
in focus between the images, or the portion that physically moved.
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For the tests the chips were cleaved out from the wafer and attached to copper pads on
PCB substrates with silver epoxy. The electrodes attached to the membranes were connected to
an isolated pad on the PCB, at first through placing fine wires with silver epoxy, and later through
wirebonding.
The tests were run with a high-voltage power supply capable of putting out several hundred
volts. In the simple case of testing actuation in air the profilometer scan parameters were set up to
measure from the lowest portion of the membrane to the highest portion, and then the device was
actuated, and the profiling started. One profile at the highest magnification and most precise focus
steps took about 2 minutes to complete. After the profile was complete the data was recorded, and
the process was repeated for multiple voltage steps. Adding liquid to the channels complicated the
procedure by making breaks to refill channels necessary and invalidated some measurements that
were taken when liquid had evaporated from the channels.
Figure 4.12 shows a collection of data taken from actuation at several voltages. Beginning
at the upper left frame we can see a bump where the profilometer is showing the position of a
channel. The top portion of the channel appears to be bulged out slightly, which is possible due
to combined stresses in releasing the membrane from the top oxide. Measurements made with
water filling the channels show even more bulging, which correlates to the additional pressure
experienced in the channels due to surface tension forces. The upper right image shows profiles
over a membrane actuated with 50 V, which appears to be collapsed partially. The lower left
shows a plot of the membrane actuation when under 80 V bias. The membrane under 80 V bias is
obviously collapsed. A combined plot is shown in the lower right quadrant.
We calculated the average movement for several different voltages by estimating the membrane deflection and comparing them to the 0 V control case. Figure 4.13 shows a plot of the data
for actuation versus applied voltage for air filled capillaries. There is a general downward trend
visible between 50 and 90 V, which suggests that these voltages mark the beginning and end of the
active transition region.
Channels filled with water actuate a little differently, because capillary pressure opposes the
force exerted by the membrane. Figure 4.14 shows data for how the channels actuate when filled
with water. Again, we see a downward trend with the actuation voltages lying between 70-150 V.
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Figure 4.12: Measurements taken from 3D profiles are shown for 0 V in the upper left, 50 V in
the upper right, and 80 V in the lower left. The lower right image shows a combined plot of ten
voltage levels. We can see that the membrane begins to actuate around 50 V and rapidly finishes
actuation above 60 V.

Figure 4.13: Actuation data for air filled channels.
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Figure 4.14: Actuation data for water filled channels.

The preliminary results of membrane movement were promising, so we began work on
implementing this structure in a useful device.
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CHAPTER 5.

SILICA MEMBRANES AS NANOFLUIDIC PUMPS

Nanofluidic systems deal with minute volumes of liquid. As an example, consider a channel
1 mm in length, 100 m in width, and 100 nm tall. When filled with liquid this channel contains
10−18 m3 or 1 fL of liquid! Pumps that operate on this scale must offer exquisite control over these
volumes.

5.1

Design
Fluid transport mechanisms may be integrated or discrete. Discrete systems come with

some advantages, such as the ability to replace a damaged mechanism or the ability to use one
device for multiple purposes. Integrated systems frequently allow closer proximity to the rest of
the system and suffer from less coupling resistance. Volumes of liquid in nanofluidic systems
may be as small as femto-liters, which makes integrated components a practical design choice to
eliminate unnecessary dead volume.
The task, then, becomes fabricating a nanofluidic pump as an integral part of the channels
that carry the liquid to and from different portions of a nanofluidic device. Several methods for
pumping at this scale may be simply put as transport across a membrane [76], [77]. Other pumps
that may be applied to larger systems make use of electrokenetics [5], [7], [11], [15] or externally
applied pressure [13], and require either making contact with the liquid through metal electrodes or
air, still others require an external pump section that then pressurizes the real nanofluidic channels.
To integrate a pump into the nanofluidic channels a force must be exerted on the liquid,
preferably without anything additional touching it and risking contamination. There are several
ways of accomplishing this, and one of them is the principle of peristalsis. Peristalsis is the periodic
constriction and relaxing of a tube [78], which causes the contents of the tube to displace as the tube
is constricted in a traveling pattern. Figure 5.1 illustrates the concept of peristaltic pumping. One
key advantage of this pumping method is that the pump is formed around the channel. This type
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of pump can be integrated into channels already present across the whole device, without needing
a separate pressure generation port or additional channels and valves for pressure generation.

Figure 5.1: Peristaltic pumping is diagrammed above. At time t1 the channel is compressed where
the arrows indicate, forcing liquid to the right. Rollers, membranes, or other constricting mechanisms move the constricted area to the right at times t2 t8, forcing the contents of the tube to be
expelled to the right.

Linear peristalsis extends the basic concept to identify discrete regions where the channel
collapses, as the rest of the channel remains unaffected. This type of pump can be implemented
in planar nanofluidic channels by thinning a portion of the channel wall and using a force above
the thinned region to displace the membrane. The thinned membranes need to be actuated in the
right order, with precise timing to effectively pump. Reversing the order of actuation reverses the
direction of pumping, so this type of pump may be easily used to produce flows in either direction.
We determined that a minimum of three membrane areas were necessary to pump without letting
fluid leak back against the pump direction.
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5.2

Pressure from Membranes
To estimate the effect of membrane actuation we will define a specific state for the pump.

First, the pump will be assumed to be pumping, and in a steady state. We will assume that liquid is
being pumped past three membranes and that the first two have collapsed fully, effectively sealing
the channel behind the third membrane. We will begin our analysis at the point when the third
membrane is just being actuated, still in the relaxed position.
When a membrane has a voltage applied to it a pressure will be exerted over the whole
membrane, as indicated in Equation 4.4. Using the dimensions of the device and an actuation
voltage of 170 V we can calculate the force applied to the membrane to be approximately 2.242
mN, and the effective pressure to be 3.125 GPa. With the channel sealed by two membranes behind
it, the only direction the liquid can displace is away from the sealed portion. Since the membrane
has only just begun to actuate it is still in the furthest position away from the channel floor. Since
the force exerted by electrostatic attraction increases as the inverse square of the separation of the
plates, any distance the membrane collapses will increase the pressure exerted on the liquid. Thus,
the stroke is least effective at the beginning, and increases in efficacy as the stroke progresses.

5.3

Pressure Due to Capillary Forces
Pressure in the liquid due to capillary forces has been presented in Section 2.4.1. Equation

2.35 shows a version of the Young-Laplace equation, specifically modified to fit rectangular channels. We can estimate the pressure due to capillary forces using the dimensions of the device, as
well as measured contact angles. The channel height is about 100 nm, the width is 25.15 µm, and
the surface tension of water in air is 72.86 mN/m. The contact angles were measured for the width
dimension from photos of the device and were 148◦ and 141◦ . No measurement of the contact angle in the vertical dimension was possible, so they were taken to be 15◦ , a rather common contact
angle for water on silica. Using Equation 2.35 we can estimate that the pressure due to capillary
force is 1.403 GPa.
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5.4

Sources of Error
We can account for several non-ideal effects that begin to occur at the nanoscale such as

electroviscosity [4] and changes in the dynamic contact angle [79], but most of the mismatch is
probably due to incomplete sealing between the membrane and channel.
Electroviscosity is an effect due to a significant fraction of the liquid being trapped in the
electric double layer (EDL). As molecules bound to the capillary walls become less mobile in this
EDL, and as this layer becomes a larger fraction of the whole in tightly confined channels the
overall liquid behaves as though it were more viscous.
Another effect that occurs in fabricated microchannels is that the dynamic contact angle
varies with the channel dimensions. Zhu and Petkovic-Duran observed that microfabricated channels likely have surface properties that differ from the native material, and a measurement of the
contact angle on the device should be used for accurate calculations.
The most likely source for departure from theory is the fact that these devices use a stretched
membrane to close off a rectangular channel. As the simulations show in Figure 4 4, the membrane
will not collapse in a rectangular profile. There will be areas where the channel is unblocked by
the membrane.
There are several saving graces with this method, though. With the width of the channel
approximately 250 times the height, only small portions of the channel will remain at the original
channel height. Within those small openings, the EDL will constrict the opening and make leakage
small, but not always negligible.

5.5

Experimental Setup
The peristaltic pumping method requires that actuation timing be precise; activating mem-

branes too early or late will result in decreased efficiency, and membranes toggled out of order
could reverse the pumping direction or render it ineffective. The actuation frequency is not high,
but still too high to be done by hand. This requirement made the development of a control circuit
necessary.
With such small channels the fill speed is very slow, so an inexpensive camera with a
microscope mount could be used to record videos of the channels filling. The recordings were
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then analyzed with image processing software to estimate the position of the liquid meniscus as a
function of time.

5.5.1

Control Circuit
The control circuit encompasses several distinct parts, a control logic portion, and a high

voltage driver. Typical control logic systems operate around 3.3 V, but the nanopump chip requires
between 100-200 V to actuate. To amplify the control logic signals I designed and built a highvoltage driver for the chip. The high-voltage driver portion of the control circuit is shown in Figure
5.2. Inputs from the control logic module are designated as High and Low, and the output to the
chip is designated as Chip Output. The voltage supply for the relays, designated as Relay Driver,
shares a ground connection with the logic control module. The relays (RLY1 and RLY2) do not
share ground with the rest of the control circuit. This isolates the ground of the pump chips from
the logic control and high voltage driver portions, which eliminates many errors due to ground
loops, digital hum, and other problems. One strange problem that occurs with a shared ground
is that the relays can become stuck when actuating at frequencies above about 10 Hz, and do not
release until the circuit is powered down.
Originally, the logic control module was made by programming a MSP430 series microprocessor. One benefit of the MSP430 was that the timing was not interrupted by additional processing, as our program was the only code running on the processor. The problem arose when we
needed to test the pumps and try different pump frequencies and sequences. As a quick, temporary solution the microprocessor worked well, but flashing changes to the codebase to change the
frequency and pump direction would be too time consuming. A Raspberry Pi computer was then
investigated as an easy to use controller. The language we chose for writing the pump controller
program was Python.
Because the Raspberry Pi would be multitasking, rather than solely running the pump controller program, we designed the control program to take advantage of threading. Threading allowed the computer to toggle the general-purpose input/output (GPIO) pins at the right time while
not disabling input between steps. Multitasking also allowed the controls to be operated and viewed
from a window, rather than a command line. Interactions with the program are more intuitive when
done through a graphical user interface, so we designed an interface which is shown in Figure 5.3.
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Figure 5.2: The schematic of the control circuit is shown. The High and Low inputs receive a
non-overlapping signal from the control logic, and the Chip Output pin drives one pump electrode.
Two power supplies are needed for this circuit, one for driving the relays, and the other do drive
the pump. The ground for the control circuit is isolated from the ground for the pump to avoid
ground-loops and other artifacts.

Manual control is available using the buttons at the bottom of the screen. An automatic pumping
sequence can be setup by entering a frequency for the operation, the sequence steps and direction
selected. The process is started when the Start button is pressed, and the Stop button interrupts the
process and resets the GPIO electrode pins. The program code is listed in Appendix B.
The computer receives the user input for frequency, start, and stop signals. The actual
electrode control signals are routed through the GPIO pins, which are then connected to the high
voltage driver circuit. This assembly is shown in Figure 5.4. Peripherals to the Raspberry Pi, such
as the keyboard, are not shown.
The high-voltage actuation pulses come off the high-voltage control module and are connected to a probe station. Probes on micro-manipulators are then connected to the actuation pulse
wires and aligned with the electrodes on the wafer. The probes and wafer are viewed through a
microscope attached to the probe station, shown in Figure 5.5.
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Figure 5.3: The user interface for the pump controller program is shown above. The boxed regions
separate the automatic mode controls from the manual mode controls. In manual mode the buttons
may be clicked, toggling the electrode indicated on the button to the state indicated on the button.
In automatic mode the user selects a pump sequence, and enters an operation frequency.

5.5.2

Filling the Channels
Liquid is introduced to the channel entrance reservoir using the Teflon “needle” seen in

Figure 5.5. A closer view of the channels filling with water is shown in Figure 5.6. A small drop of
liquid is placed in the reservoir, which begins to fill the channels. As the channels fill they change
color, which makes identifying the filled channels a simple task. As seen in Figure 5.6, not all the
channels fill at once, or at the same rate. Treating the channels with an acid such as Nanostrip and
HCl make them fill much more uniformly. Care should be taken when treating the channels with
acids such as these because they etch aluminum, and the aluminum electrodes are exposed to the
acid during treatment. If the channel treatment is done with the acid at room temperature and not
longer than a couple of minutes the channels typically have enough time to become hydrophilic
without removing the electrode metal.
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Figure 5.4: The logic control module is a Raspberry Pi computer, which is shown in a clear plastic
case. It is connected to the high voltage driver through an IDE-style cable and break-out PCB. The
high voltage inputs, switching circuitry, and outputs are soldered to the tan PCB.

Figure 5.5: The pump wafer with probes and backside connection is shown under the objective of
the probe station. The Teflon “needle” that is used to inject water into the channels is also visible,
centered beneath the microscope objective.
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Figure 5.6: Liquid is seen filling the channels after a drop is placed on the chip from the Teflon
needle. The dark portions of the channels are filled with water, and the light portions are empty.
Not all channels fill at the same rate. On the left two of the electrodes, with probes in contact, can
be seen.

A closer view of the channels filling with water is shown in Figure 5.7. The curved shape of
the meniscus is seen on the leading edge of the menisci. When the liquid reaches the exit reservoir
it can begin to fill other channels from the exit side. There is some experience needed in placing the
drop of liquid, then finding a meniscus between the third membrane and the exit reservoir. When
the channels have been filled successfully with liquid we can start recording and pumping.

5.5.3

Recordings and Data Extraction
The pump performance was characterized through analyzing videos of the liquid move-

ment in the channels with the pump on and off. An outline of the process is shown in Table 5.1.
The liquid movement was gauged from the forward or backward movement of the meniscus. The
channels fill quickly with liquid, but slow down as the meniscus progresses in the channel. Measurements were taken on channels that had a meniscus that had progressed beyond the last pump
membrane but had not yet reached the exit reservoir or fourth trapping electrode.
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Figure 5.7: Channels filling with water at a high magnification. The exit reservoir and last pump
membrane are in view. On this chip the trapping electrode was moved into the reservoir during
fabrication and is seen as a brown stripe in the reservoir.

5.6

Results
We expected to observe fluids entering the channels, flowing freely past the pump mem-

branes when they were not active. After activating the pump, we expected to see the liquid speed
up or slow down depending on if the pump was running with or against capillary action.
The data on meniscus movement is exported from ImageJ and appears as plotted in Figure
5.8. In this plot, the positive sloped region correlates to the portion of the video where the meniscus
is progressing through the channel under normal capillary forces. At about four and one-half
seconds the pump was turned on, countering the capillary filling forces. As the pump begins to
operate there is a brief jump in the meniscus position, and then the meniscus steadily retreats.
A simple linear fit of the data in Figure 5.8 shows an approximate flow velocity for both
the advancing and retreating regions of operation, and the difference in speeds shows the effect
that the pump is having on the system. This process was repeated several actuation voltages and
frequencies, and the resulting speed differentials were recorded.
We expect that the membranes will begin to take effect as a pumping mechanism and will
gradually increase in effective pumping speed as the voltage increases. This will be due to the
membranes being more fully collapsed, sealing the channel more effectively and preventing back57

Figure 5.8: The meniscus movement as a function of time is shown, along with linear fit lines that
approximate the fill and empty speeds. There is a portion during the transition part where the data
is not very reliable. The meniscus advances under capillary pressure at a speed of about 20 µm s−1
and then retreats when the pump is on at a speed of about -72 µm s−1 . The difference is a jump of
92 µm s−1 .

flow. Another effect will be that as the voltage is increased the pressure exerted on the liquid will
increase, thereby increasing the speed at which the liquid can displace from under the membranes.
We also expect that after a certain threshold point the devices will cease to function as effectively,
because the membranes will be damaged and no longer restore or pump effectively.
Figure 5.9 shows data from a pump illustrating the expectations as stated above. The data
was recorded with the pump operating at a rate of 5 Hz, and then a series of voltages was applied
for pump membrane actuation. As expected, the threshold for beginning to pump appears to be
around 150 V, with the corresponding flow rate around 0.15 fL/s, or 60 µm s−1 . The high point
is around 170 V, and flow rates are around 0.35 fL/s or 140 µm s−1 . Somewhere between 170 V
and 180 V the membranes are damaged, and can no longer pump effectively, due to membrane
breakage.
Actuation voltage is only one of the parameters we can vary to tune the performance of the
pump. Another main parameter is the frequency at which the pump cycle repeats. On a very basic
level, we expect that as the frequency of operation increases the flow rate will also increase. A
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more detailed model of the frequency response of this instrument can be made by investigating the
pump sequence and applicable pressures in the system.

Figure 5.9: Pump speed for several actuation voltages is shown. Each of these flow rates was take
with the pump operating at 5Hz. The linear flow rate was measured directly from video captured
during pumping, and the volumetric flow rate was calculated by multiplying the linear flow rate by
the measured height and width of the channel.

As the membranes are toggled off and on they perform two critical roles. When the membranes are collapsed they prevent liquid from flowing through that section of the capillary, thereby
filling the role of a valve. When the membranes are relaxed, and a voltage is just being applied
they will apply a pressure to the liquid. Let us suppose that the membranes on the device are actuated in a 6-phase sequence, as illustrated in Figure 5.10. In this figure a schematic of a fluidic
channel is shown, with the pump direction assumed to be from left to right. The diagram includes
two phases (Init1 and Init2) that account for the pump initializing the membranes in the right order
when beginning to pump. In Init1 the pump is in an entirely relaxed state, assumed to be “off”.
The pumping process proceeds by forcing liquid both forward and backward in the capillary
when membrane A is activated, during the phase Init2. In phases II and III the liquid is successively

59

Figure 5.10: This figure illustrates a 6-phase pump sequence. When the pump is in the rest state
before pumping it will be in the Init1 stage. As the pump cycle begins membrane A is actuated,
forcing liquid both forward and backward in the channel. In phase II membrane B is actuated, and
liquid is only forced forward from this displacement, because the backward direction is blocked
by membrane A. Phase III repeats phase II, with membrane C. When membrane A is released in
phase IV fluid refills the channel where the collapsed membrane was, and this process repeats in
phase V with membrane B. In order to prevent backflow membrane A is again collapsed in phase
VI, which traps liquid under membrane B. In phase I membrane C is relaxed, allowing some liquid
to backflow, which prepares the device to repeat the process from phase II.

forced to the right being displaced by membranes B and C. The pump needs the active pumping
region refilled with liquid at this point, so in phases IV and V membranes A and B respectively are
relaxed, allowing liquid to flow in from the left. Membrane C is assumed to prevent liquid flow
from the right. When membrane A is compressed in phase VI some liquid is forced to the left,
but a volume of liquid is trapped under membrane B. Relaxing membrane C will allow a volume
of liquid to flow from the right during phase I. The process repeats, skipping the Init1 and Init 2
phases, and continues until interrupted.
We can make an initial rough estimate of the pump speed by observing that each cycle
(phases I-VI) liquid is forced to the right twice and is permitted to flow backward only once. We
will define a quantity Vstroke as the volume of each membrane “stroke”. The net volume displaced
toward the right during a full pump cycle will be this amount. If the total time for the cycle is tcycle
then the net flow rate is Q = Vstroke/tcycle . We notice that this flow rate is an average for the full
cycle, and the maximum flow rate is actually Qmax = 6V stroke /tcycle . This maximum flow rate must
be accounted for by the Washburn equation, and the pressure exerted on the liquid. For very low
frequencies of operation the simple calculation of displacement will be a good prediction for flow
rate, but the Washburn equation will impose a limit on how quickly liquid can be displaced from
under the membranes.
60

We can express the maximum flow rate in terms of a linear displacement by writing in
terms of the membrane dimensions. We will define the stroke volume as Vstroke = LmembWmemb h,
where Lmemb and Wmemb are the length and width of the membrane, and h is the channel height.
The linear flow rate can then be expressed as
u=

6Lmemb
.
tcycle

(5.1)

When the linear flow velocity is pressure limited the velocity predicted by Equation 5.1
will equal the velocity predicted by the Washburn equation (Equation 2.33), and will be equal to
fmax =

∆ph2
1
=
.
tc ycle 72ηzLmemb

(5.2)

Figure 5.11 shows data recorded of the pump operating at 170 V, and at various frequencies
of operation. As expected, the first few frequencies that were recorded increase the flow rate
gradually, and then the effect begins to fall off near the cutoff frequency. For a real device some
of the assumptions that were made in the derivation do not hold, and the pump rates were too
high. When the model is scaled to 31% the model and results match nicely. This difference can be
easily ascribed to imperfect actuation and sealing of the membranes. Without perfect sealing, only
a fraction of the liquid under the membrane will be displaced and backflow will be more likely.

5.7

Future Improvements
One method to potentially increase the pumping speed of the pump would be to modify

the pumping sequence. We designed the 6-phase sequence illustrated in Figure 5.10 to keep many
of the membranes activated simultaneously to minimize problems due to backflow. According to
Chuang et al. this type of sequence is the most efficient at pumping [80]. Two other example
sequences are illustrated in Figure 5.12.
The sequences illustrated in Figure 5.12 show two potential other activation sequences.
Both would result in a faster pump cycle, but the 5-phase sequence may allow more liquid to flow
backward due to insufficient sealing. Sealing could be even worse with the 4-phase sequence if
one membrane is released before the next is activated.
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Figure 5.11: Pumping speed is reported for a few frequencies of operation. Each speed was
recorded with an actuation voltage of 170 V.

Figure 5.12: The left side illustrates a 5-phase sequence, and a 4-phase sequence is depicted on the
right. Both sequences begin with all membranes relaxed, and momentarily relax the membranes
as part of the cycle.

Another method of improving the pumping efficiency of the pump would be to create
a rounded channel profile that would allow the collapsing membrane to seal more effectively.
Rounded profiles can be produced by relying on isotropic etches but ensuring that the profile is
uniform along the length of the channel tends to be a challenge.
Another potential improvement would be to apply the pumping mechanism as a valve.
Simply collapsing the membranes may not inhibit flow enough to work as a shutoff valve but
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applying a slow pumping sequence in reverse would have the same effect as an adjustable rate
valve.
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Table 5.1: This table describes the process for extracting data from filling videos with the expected
output files and process steps. Python scripts have parameters that can be adjusted, such as
the dimensions of a cropped region or the region of data to be used in a linear fit for
velocity approximation. ImageJ commands frequently have an adjustment option,
and the Auto setting worked well enough to not require manual adjustment on
most edits.
Task
Extract and format file from
camera
Convert to black-and-white

Output
Video file.AVI or file.MP4

Crop to active region

Save as file-crop.avi

Set image scale
Crop to focus channel and
save video
Adjust image to track the
meniscus position

None
Save as file-crop-ch#.avi

Save as file.avi

Save results as file-cropch#.csv

Program or Process
Convert to AVI if necessary
with FFMPEG.
Run conv.py with the file as
input.
Run resize.py with the file as
input.
ImageJ, Analyze, Set Scale
ImageJ, rectangle select, Image, Crop
All commands in ImageJ
• Image, Adjust, Brightness/Contrast
• Image, Adjust, Threshold
• Analyze, Analyze Particles
• Check results window
for duplicates, discard
data if needed and repeat this task
• Save results

Plot meniscus position data,
approximate filling speeds
Compile fill speed data

Save plot as file-crop-ch#.png

Generate plots of pump
speeds for various pumping
parameters

Save figures as desired.

Save results
tion.csv
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in

compila-

Run analysis.py with csv file
input
Save columns of the following values in Excel: Filename, Forward, Reverse, Difference, Voltage, Frequency,
Chip, Offset.
Run plot.py with compilation.csv as the input

CHAPTER 6.

SILICA MEMBRANES AS PARTICLE TRAPS

Prior chapters discuss the development of robust suspended membranes and one application
as a pumping mechanism. Another application for these structures is as a trap for nanoparticles
in liquid. Many of the molecules that fill important roles in our health or sickness are nano-sized
particles; cholesterol, amino acids, and viruses are a few examples. The device presented here has
the potential to be used in Lab-on-a-Chip systems to increase the speed of analysis as well as drive
down cost [81]–[83].
As a trap the device presents a few opportunities. First, a simple application for the device
is as a concentrator. Nanoparticles introduced to the channels in liquid would be allowed to flow
into the channels and would proceed toward the exit reservoir. When a membrane is compressed,
particles would be trapped behind the membrane and accumulate as fluid slowly leaks around
the membrane. The concentrated particles would then be available for study with other fluids or
nanoparticles that may be introduced into the system.
Since the membrane has more than two stable positions we can also set a specific voltage in
the range between the voltages where the channels are open and fully collapsed, thereby actuating
the membrane partially. With the membranes partially closed, particles can be trapped or passed
based on their size. Particle size is a key metric in gauging how a nanoparticle will react in a
biological system [84]–[86], and size-based trapping can benefit analysis and diagnosis.
Physical nanofluidic trapping has been demonstrated many times over the last decade [42],
[44], [45], [87]. However, a critical ability of a general-purpose system is adaptability to a variety
of particle sizes, based on one single device design. In other words, a new device should not need
to be fabricated for each new particle type to be analyzed.
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6.1

Experimental Setup
We tested the device with fluorescently labeled nanoparticles bought from Polysciences

(fluoresbrite carboxylate YG 0.05 micron microspheres). The fluorescent signal was observed
with an upright Axio Scope A1 microscope (Zeiss, Thornwood, NY), under illumination provided
by a 625 mW blue LED light source (MBLED, Thorlabs, Newton, NJ). The filtering and passing of
excitation and fluorescent wavelengths was done with a brightline filter cube (FITC-LP01-ClinicalOMF, Semrock, Rochester, NY) that employs a longpass dichroic mirror with a cutoff wavelength
of 515 nm. The fluorescent signal was then recorded using a cooled CCD camera, the Photometrics
CoolSNAP HQ2 (Tuscon, AZ). Micromanager 1.3 and ImageJ were used to set camera settings and
control capture. An illustration of fluorescent detection is shown in Figure 6.1.

Figure 6.1: An example of a fluorescent detection setup is illustrated above. The source at the
back of the microscope emits blue light, which is reflected down to the device with the fluorescent
sample. The fluorophores emit a different wavelength, shown in green, which is emitted alongside
any blue light that is reflected off the surface of the device. The blue light is filtered out and only
the fluorescent signal is detected by the camera.
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6.2

Static Trapping
Creating a dynamic trap stems from earlier work using static stepped-height devices. Stepped-

height instruments were successfully used to trap and detect synthetic nanoparticles and virus capsids. These experiments used a detection setup like the one depicted in Figure 6.1.
When a drop of liquid with particles in solution was introduced to the reservoir, the particles
flowed freely into the large entrance portion of the channel, and then were trapped when the channel
height decreased. Kumar et al. [45] describe the behavior of particles trapped at a barrier, and give
the fraction trapped at an interface as
PTrapped
D
=
.
PTotal
2H − D

(6.1)

In this equation, PTrapped /PTotal are the particles trapped over the total, D is the diameter of the
particle, and H is the height of the short side of the barrier. Figure 6.2 shows this phenomenon
with some 30 nm fluorescent beads. The beads were diluted from their original concentration by a
factor of 10 and mixed with a 2.2mM SDS (Columbus Chemical Industries, Columbus, WI, USA)
surfactant. The chip was fabricated with 3 distinct channel heights, the entrance being 230 nm tall,
the middle 80 nm tall, and the end 30 nm tall.
Plotting intensity at each interface over time shows the rate at which the particles accumulate as well as the fraction that is trapped. Applying Equation 6.1 to the experiment shown in
Figure 6.2, we estimate that 23% of the beads will be trapped at the interface from 230 nm channels
to 80 nm channels. When we measure the actual intensity over time at the interfaces (as shown
in Figure 6 3) we can take the value of the ratio of the two to find the fraction trapped at the first
interface. This ratio settles on the value of 27%, which matches the prediction very well.
Particles accumulate at the barrier as a function of the flow rate of the system. As the flow
progresses through the channel the intensity of the signal from the particles can be measured and
plotted for each frame, as shown in Figure 6 4. Until the signal saturates the detector the slope of
the curve correlates to the flow velocity of the liquid and particles in the channels.
Flow velocity is discussed at length in Chapter 0, but only for capillary action. Once
the channel has been filled initially capillary action ceases to drive flow, and liquid evaporating
from the exit reservoir continues to pull liquid through the channel at a reduced rate [12], [44].
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Figure 6.2: This image is a frame from a video where 30 nm beads were trapped in a device with
three height segments. The entrance segment of the device has a height of 230 nm, and transitions
to a channel 80 nm tall. This channel interfaces with another channel 30 nm tall and this last one
feeds into the exit reservoir. Even though the beads are smaller than the 80 nm channel a portion
is trapped at the 230/80 nm interface. The rest of the particles that were not trapped at the first
interface pass to the second, where they are trapped. Some fluorescence is detected at the exit
reservoir, and it is possible that some beads have managed to be deformed and forced to the end,
and it could be excess fluorophore.

Figure 6.3: This figure shows the normalized average intensity at each interface for the chip shown
in Figure 6.2. A small portion (about 27%) of the particles are trapped at the first interface, while
the rest are trapped at the second.
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Evaporative flow depends on temperature, partial pressures, humidity, and is despite accounting
for these factors it varies widely [88]. The inconsistency of evaporation along with the low flow
rates that it produces make it a poor method for driving transport.
At high concentrations of particles low flow may not a problem, because the growth of
the signal intensity curve stays steep. From Figure 6 4 we can see that the filling due to capillary
action is the steep portion of the curve, which ends at about 10 seconds. For solutions mixed with
synthetic nanoparticles the signal had already reached a maximum at this point, but for the capsid
particles there was a noticeably slower accumulation rate after the flow had transitioned to filling
by evaporation.

Figure 6.4: This plot shows the rate at which particles accumulate at a trapping barrier. The
synthetic particles accumulate quickly and saturate the detector before any major change in flow
rate can be detected. The virus capsids accumulate slower and show a distinct change in flow
velocity when the driving mechanism changes.

If we are to successfully detect low concentrations of particles or continue analysis after
capillary action has finished filling the channels we need a method of pumping. In the case of the
membrane structure reported in Chapter 5 the pump mechanism is the same as the trap and can be
closely integrated to drive flow for enhanced analysis.
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6.3

Dynamic Trapping
We began testing the active membrane device as a particle concentrator, using the experi-

mental setup described in the previous section. We fabricated a device with 100 nm cores and used
a solution of fluorescent beads in IPA to fill the channels. The beads are stored in solution and
were prepared by diluting them from their original concentration of 2.62% w/v by 25 times.
Figure 6.5 shows the device when filled with the nanobead solution. In this case the device
was filled with the membrane relaxed, so the channel remains at the full 100 nm height over the
full length. As expected, the beads bypass the membrane region and accumulate at the end of
the channel where the liquid evaporates slowly. As the particles accumulated the intensity of the
fluorescent signal increased similar to the signals shown in Figures 6.3and 6.4.

Figure 6.5: This photo shows the result of filling channels with fluorescent nanobeads without
activating the membranes. Since the membrane did not constrict the channel all the beads flowed
to the end of the channels and accumulated at the exit reservoir.

Figure 6.6 depicts another experiment with the same electrostatically actuated chip, this
time with the membrane fully collapsed. Beads clearly accumulate before the membrane region as
the liquid flows through, slowly building up a plug of the particles.
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Figure 6.6: When the membrane is active the beads accumulate before the compressed region,
rather than at the exit reservoir.

6.4

Future Improvements
We have seen that nano-scale particles are trapped by an electrostatically actuated mem-

brane. The next steps for this portion of the project will be to characterize trapping using a partially
activated membrane. With semi-collapsed membranes we can attempt size selective trapping, and
apply Equation 6.1 to predict the portion of particles trapped at each interface. We can also apply
this relationship to measure the effective gap height of the activated membranes. By leveraging
multiple membranes at different bias points we can continue to separate nanobeads of multiple
sizes. These results will show that beads of different sizes can be separated based on the voltage
applied to the electrodes.
Trapping may be enhanced by applying some electrodes as a pump to force particles toward, or perhaps through the barriers. This ability may enable us to characterize how the trapping
portion changes with applied pressure. Pumping can also permit us to work with low-concentration
samples.
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CHAPTER 7.

CONCLUSIONS

This work has reported on three projects, each of which developed essential knowledge
about applying membranes to active fluidic structures. The structures described in this work develop a foundation for a new class of nanofluidic device, one with many potential applications.
The structure was developed after working on the idea of a simple suspended membrane
with a nanopore drilled in it. After I refined the process for fabricating suspended membranes I
considered how to apply them to improve past devices by creating a pump and a trap.

7.1

Contributions
My primary contribution is the development of a nanofluidic structure that has been tested

as a pump and trap. I first researched static-height traps and collaborated in developing the theory
for particle trapping probability at an interface. My contributions opened the doors for a series of
papers addressing the topic of nanoparticle separations.
After coming up with the idea for an adjustable trapping structure I developed theory for
actuating it. I showed using basic theory that the structure could be actuated using electrostatic
forces and proposed a method of fabricating the device.
Following the initial estimates, I produced reasonably accurate simulations for predicting
the structures behavior using modern mechanical simulation software. The simulations are run
from a script which makes the simulation process easy to document and iterate.
As part of developing the structure I have produced a high-quality low-tensile stress oxide
layer that produces robust films. This recipe has already enabled other projects to start and may
become an important structural film for future projects.
I developed a method for measuring the devices movement under a constant bias using
optical profilometry. This inexpensive method provided a quick way to verify that the device was
functioning as expected.
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While testing the fabricated devices I developed a model to predict the pumping speed for
nanoscale peristaltic pumps, given critical device dimensions and an estimated pump efficiency.
I also incorporated capillary theory into the pumping model to estimate the maximum operating
frequency of nano-peristaltic pumps. This maximum frequency matches the recorded data well.
In my tenure at Brigham Young University I have had the opportunity to mentor many undergraduate students in their research projects. Some of the undergraduates that I have worked with
include Sara Ehlert, Nathan Ives, Jeffery Ravert, Jacob Johnson, Taylor Welker, Michael Mudrow,
Thomas Baumgarten, and Grant Stagg. These people have provided me invaluable assistance in
my own research and have contributed many good ideas of their own.
I have contributed to the support of the Integrated Microfabrication Laboratory by being the
student contact for many pieces of equipment over the years. My duties have included training new
students in the operation of each machine, developing operating procedures, refining recipes, and
performing maintenance. The machines I have supported include the Heidelberg mask writer, the
dicing saw, the CPD, the E-Beam evaporator, the Anelva RIE, the thermal evaporator, the Denton
Sputterer, and the Bruce furnace.

7.2

Publications
The following is a list of publications that I have contributed to throughout my studies.

7.2.1

Journal Articles
J. Xuan, M. N. Hamblin, J. M. Stout, H. D. Tolley, R. D. Maynes, A. T. Woolley, A. R.

Hawkins, and M. L. Lee, “Surfactant addition and alternating current electrophoretic oscillation
during size fractionation of nanoparticles in channels with two or three different height segments,”
J Chromatogr A, vol. 1218, no. 50, pp. 9102-10, Dec 16 2011.
M. Jaris, Y. Yahagi, B. K. Mahato, S. Dhuey, S. Cabrini, V. Nikitin, J. M. Stout, A. R.
Hawkins, and H. Schmidt, “Intrinsic spin dynamics in optically excited nanoscale magnetic tunnel junction arrays restored by dielectric coating,” Applied Physics Letters, vol. 109, no. 20, p.
202403, 2016/11/14 2016.
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J. M. Stout, T. M. Welker, and A. R. Hawkins, “Electrostatically actuated membranes made
from silica thin films”, Applied Physics Letters, vol. 110, no. 5, Jan 30 2017.
J. M. Stout, T. E. Baumgarten, G. G. Stagg, and A. R. Hawkins, “Nanofluidic Peristaltic
Pumps Made From Silica Thin Films”, Journal of Microelectromechanical Systems, In review
October 2018.
J. M. Stout, T. E. Baumgarten, G. G. Stagg, and A. R. Hawkins, “Adaptable Electrostatic
Nanofluidic Instrument for Nanoparticle Trapping”, In composition August 2018.

7.2.2

Conference Articles
J. M. Stout, J. E. Johnson, S. Kumar, A. T. Woolley, and A. R. Hawkins, “Particle trap-

ping in electrostatically actuated nanofluidic barriers,” in 2015 IEEE 58th International Midwest
Symposium on Circuits and Systems (MWSCAS), 2015, pp. 1-4.
M. L. Lee, J. Xuan, M. N. Hamblin, J. M. Stout, S. Kumar, H. D. Tolley, D. Maynes, A. T.
Woolley, and A. R. Hawkins, “Size-Selective Trapping of Bioparticles Using Planar Nanofluidic
Devices,” presented at the Pittcon Conference and Expo, Philadelphia, PA, March 17-21, 2013,
2013.
S. Kumar, J. M. Stout, A. R. Hawkins, and A. T. Woolley, “Ionic strength effects on protein
trapping in thin-film fabricated nanochannels,” presented at the MicroTAS, International Conference on Miniaturized Systems for Chemistry and Life Sciences, 18, San Antonio, TX, US, Oct
26-30, 2014, 2014.
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APPENDIX A.

ANSYS APDL FILE LISTING

!=======================================================================
! Begin ANSYS batch file
!=======================================================================
!Title: Electrostatic membrane deformation simulation
!Author: John Stout
!Date: 11-May-16

!=======================================================================
! Exit any remaining processes
!=======================================================================

FINISH
/CLEAR, start

!=======================================================================
! Set working environment
!=======================================================================

/FILNAME,deformation,0
/CWD,’C:\Users\jstout3\Documents’

!=======================================================================
! Physical model definitions and simulation parameters
!=======================================================================

/BEGIN
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!UNITS
!=====
!microns, microNewtons, nanograms, MPa

!Define Geometric Parameters
!===========================
channel = 20.5
electrode = 35
walls = 16.5
width = 2*walls+channel
gapheight = .1
thickness = .15
topoxide = 5
length = electrode+2*topoxide
substrate = .2

!Define Material Parameters
!==========================
E = 60100
v = 0.17
epsilon0 = 8.854e-6
p = 2.5e-3
epsilon = 3.9
charge = 0

!Convenience parameters
!======================
esz = width/15
stiffness = 15000
nstep = 40
voltage = 200
FINISH
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!=======================================================================
! Preprocessor commands
!=======================================================================

/PREP7
!Non-linear effects
!==================
NLGEOM,ON
!Define Element Type
!===================
ET,1,SOLID227,101

!Define Material Properties
!==========================
MPTEMP,,,,,,,,
MPTEMP,1,0
MPDATA,EX,1,,E
MPDATA,PRXY,1,,v
MPDATA,DENS,1,,p
MP,PERX,1,,epsilon
MP,PERY,1,,epsilon
MP,PERZ,1,,epsilon

!Define Blocks
!=============
BLOCK,0,length,0,gapheight,0,walls
BLOCK,0,length,0,gapheight,width-walls,width
BLOCK,0,topoxide,gapheight+thickness,gapheight+thickness+topoxide,0,width
BLOCK,length-topoxide,length,gapheight+thickness,gapheight+thickness+
topoxide,0,width
BLOCK,0,length,gapheight,gapheight+thickness,0,width
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BLOCK,0,length,0,-substrate,0,width
/VIEW,1,1,2,3
ALLSEL,all
VGLUE,all

!Mesh the shape in 3D, using quad elements.
!==========================================
MSHAPE,1,3D
MSHKEY,0
ESIZE,esz
VMESH,all
EPLOT

!Define beam Boundary Conditions
!===============================
NSEL,S,LOC,X,length
NSEL,A,LOC,X,0
NSEL,A,LOC,Z,0
NSEL,A,LOC,Z,width
NSEL,A,LOC,Y,0
NSEL,A,LOC,Y,-substrate
D,all,all,0
ALLSEL,ALL

!Define electrode node group
!===========================
NSEL,S,LOC,X,topoxide,length-topoxide
NSEL,R,LOC,Y,gapheight+thickness
CM,electrode,NODE
NSEL,INVE
CM,bulk,NODE
ALLSEL,ALL
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!Create electrical bias nodes
!============================
EMTGEN,’electrode’,’bias’,’gnd’,’uy’,-thickness-gapheight-substrate,0,
stiffness,epsilon0

!Define electrical DOF
!=====================
ALLSEL,ALL
D,gnd,ALL,0
*DO,n,1,nstep,1
D,electrode,VOLT,voltage*n/nstep
ALLSEL,all
LSWRITE,n
*ENDDO
D,bulk,VOLT,charge
FINISH

!=======================================================================
! Solver parameters and execution
!=======================================================================

/SOLU
! Solve the model
!================
ANTYPE,0
LSSOLVE,1,nstep,1
FINISH

!=======================================================================
! Postprocessor commands and data export
!=======================================================================
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/POST1
/PNUM,MAT,1
/NUMBER,1
/DSCALE,ALL,AUTO
!/ESHAPE,1
!EPLOT
!PLNSOL,U,SUM !plot displacement
!ANCNTR,100,0.1 ! Produces an animated sequence of a contoured deformed
shape
!/ANFILE,SAVE,’J:\simulations\pincher\video’,avi ! save animation to file:
video.avi
!/DSCALE,1,1

!Prepare data for export
!=======================
*DIM,Zdis,TABLE,nstep
*DIM,Potential,TABLE,nstep

*DO,y,1,nstep,1
SET,y
PLNSOL,U,Y,0
*GET,Zdis(y),PLNSOL,0,MIN,
PLNSOL,VOLT,Z,0
*GET,Potential(y),PLNSOL,0,MAX,
*ENDDO
/output,dY.txt ,, ’J:\simulations\pincher’
*VWRITE,Zdis(1),Potential(1)
%16.8G %16.8G
/output
FINISH
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APPENDIX B.

PUMP CONTROLLER PROGRAM

The listing for the pump controller program files is given below. Individual files are separated into subsections, which are named after the filenames. In Section B.1 the code can be easily
modified to run on any computer, but full for functionality the program must be run on a Raspberry
Pi computer. The code was specifically developed for the Raspberry Pi 3 Model B+. Other models
could work but were not tested.

B.1

pumpGUI.py

#!/usr/bin/python3

import tkinter as tk
import threading
import pumpOperatorNoPi

exitFlag = 0

class myThread (threading.Thread):
def __init__(self, threadID, name, counter, frame):
threading.Thread.__init__(self)
global pump
self._is_running = True
self.threadID = threadID
self.name = name
self.counter = counter
self.frame = frame
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def run(self):
# Sanitize input
global pump
rate = self.frame.frequencyEntry.get()
try:
rate = int(rate)
except ValueError:
self.frame.status.config(text="Integers only!")
return

self.frame.quitButton.config(state=’disabled’)
self.frame.oneButton.config(state=’disabled’)
self.frame.twoButton.config(state=’disabled’)
self.frame.threeButton.config(state=’disabled’)
self.frame.startButton.config(state=’disabled’)
self.frame.stopButton.config(state=’normal’)

phases = {1 : "6 Phase Forward",
2 : "5 Phase Forward",
3 : "4 Phase Forward",
4 : "6 Phase Reverse",
5 : "5 Phase Reverse",
6 : "4 Phase Reverse"}
phase = int(self.frame.phase.get())
self.frame.status.config(text="Pumping started at " + str(rate) + "Hz,
using " + str(phases[phase]))
self.frame.indicator.config(bg=’red’)
pump.setup(rate, phase)
pump.start()
self.frame.indicator.config(bg=’green’)
self.frame.status.config(text="Pumping stopped")
self.frame.quitButton.config(state=’normal’)
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self.frame.oneButton.config(state=’normal’)
self.frame.twoButton.config(state=’normal’)
self.frame.threeButton.config(state=’normal’)
self.frame.startButton.config(state=’normal’)
self.frame.stopButton.config(state=’disabled’)

def exit(self):
global pump
self._is_running = False
pump.stop()

class GUI(tk.Frame):
def __init__(self, master):
global root
global oneStatus
global twoStatus
global threeStatus
global pump

tk.Frame.__init__(self, master)

w = tk.Message(master, text="Pump Controller", width=200, font=’Times 18
bold’)
w.grid(row=1, columnspan=2, sticky="wens", padx=5, pady=5)

## Automatic sequence group
self.group = tk.LabelFrame(self, text="Automatic pump sequence", padx=5,
pady=5)
self.group.grid(row=2, column=1, padx=5, pady=5)
self.fLabel = tk.Label(self.group, text="Enter Frequency", font=’Times 12
bold’).grid(row=1, column=1)
self.frequencyEntry = tk.Entry(self.group, width=20)
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self.frequencyEntry.grid(row=1, column=2, columnspan=2)
self.frequencyEntry.insert(0, ’2’)
self.phase = tk.IntVar()
self.phase6 = tk.Radiobutton(self.group, text=’6 phase’, variable=self.
phase, value=1)
self.phase6.grid(row=2, column=1)
self.phase5 = tk.Radiobutton(self.group, text=’5 phase’, variable=self.
phase, value=2)
self.phase5.grid(row=3, column=1)
self.phase4 = tk.Radiobutton(self.group, text=’4 phase’, variable=self.
phase, value=3)
self.phase4.grid(row=4, column=1)
self.phase6r = tk.Radiobutton(self.group, text=’6 phase reverse’, variable
=self.phase, value=4)
self.phase6r.grid(row=2, column=2)
self.phase5r = tk.Radiobutton(self.group, text=’5 phase reverse’, variable
=self.phase, value=5)
self.phase5r.grid(row=3, column=2)
self.phase4r = tk.Radiobutton(self.group, text=’4 phase reverse’, variable
=self.phase, value=6)
self.phase4r.grid(row=4, column=2)
self.phase.set(1)
self.indicator = tk.Frame(self.group, width=40, height=40, bg=’green’)
self.indicator.grid(row=2, rowspan=3, column=3)
self.startButton = tk.Button(self.group, text=’Start’, command=self.start,
underline=3)
self.startButton.grid(row=5, column=1)
self.stopButton = tk.Button(self.group, text=’Stop’, command=self.stop,
state=’disabled’, underline=3)
self.stopButton.grid(row=5, column=2)
self.status = tk.Label(self.group, text="Status", width=50)
self.status.grid(row=6, columnspan=3)
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self.group2 = tk.LabelFrame(self, text="Manual electrode sequence", padx
=5, pady=5)
self.group2.grid(row=3, column=1, sticky="w", padx=5, pady=5)
self.oneButton = tk.Button(self.group2, text=’1 On’, command=self.
oneToggle, underline=0)
self.oneButton.grid(row=1, column=1)
self.twoButton = tk.Button(self.group2, text=’2 On’, command=self.
twoToggle, underline=0)
self.twoButton.grid(row=1, column=2)
self.threeButton = tk.Button(self.group2, text=’3 On’, command=self.
threeToggle, underline=0)
self.threeButton.grid(row=1, column=3)

self.quitButton = tk.Button(self, text=’Quit’, command=self.quit)
self.quitButton.grid(row=3, column=1, sticky="e", padx=5, pady=5)

master.bind(’1’, self.oneToggle)
master.bind(’2’, self.twoToggle)
master.bind(’3’, self.threeToggle)
master.bind(’<KP_1>’, self.oneToggle)
master.bind(’<KP_2>’, self.twoToggle)
master.bind(’<KP_3>’, self.threeToggle)
master.bind(’r’, self.start)
master.bind(’p’, self.stop)

def stop(self, event=None):
if (self.stopButton.cget(’state’) == ’normal’) or (self.stopButton.cget(’
state’) == ’active’):
self.thread1.exit()
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def start(self, event=None):
global oneStatus
global twoStatus
global threeStatus
if (self.startButton.cget(’state’) == ’normal’) or (self.startButton.cget
(’state’) == ’active’):
self.thread1 = myThread(1, "Thread-1", 1, self)
self.thread1.start()
self.oneButton.config(text="1 On")
self.twoButton.config(text="2 On")
self.threeButton.config(text="3 On")
oneStatus = False
twoStatus = False
threeStatus = False

def quit(self, event=None):
root.destroy()

def oneToggle(self, event=None):
global pump
global oneStatus
if (self.oneButton.cget(’state’) == ’normal’) or (self.oneButton.cget(’
state’) == ’active’):
if oneStatus:
pump.oneOff(0)
oneStatus = False
self.oneButton.config(text="1 On")
else:
pump.oneOn(0)
oneStatus = True
self.oneButton.config(text="1 Off")
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def twoToggle(self, event=None):
global pump
global twoStatus
if (self.twoButton.cget(’state’) == ’normal’) or (self.twoButton.cget(’
state’) == ’active’):
if twoStatus:
pump.twoOff(0)
twoStatus = False
self.twoButton.config(text="2 On")
else:
pump.twoOn(0)
twoStatus = True
self.twoButton.config(text="2 Off")

def threeToggle(self, event=None):
global pump
global threeStatus
if (self.threeButton.cget(’state’) == ’normal’) or (self.threeButton.cget
(’state’) == ’active’):
if threeStatus:
pump.threeOff(0)
threeStatus = False
self.threeButton.config(text="3 On")
else:
pump.threeOn(0)
threeStatus = True
self.threeButton.config(text="3 Off")

if __name__ == ’__main__’:
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root=tk.Tk()
oneStatus = False
twoStatus = False
threeStatus = False
pump = pumpOperatorNoPi.pumpOperatorNoPi()

#root.geometry("500x300")
root.title("Pump controller")
win=GUI(root)
win.grid()
root.mainloop()
\end{verbatim}

\section{pumpOperator.py}\label{sec:pumpoperator}
\begin{verbatim}
import time
import RPi.GPIO as GPIO

class pumpOperator:

_is_running = False

def __init__ (self):
GPIO.setmode(GPIO.BCM)
GPIO.setwarnings(False)
GPIO.setup(5, GPIO.OUT)
GPIO.setup(6, GPIO.OUT)
GPIO.setup(13, GPIO.OUT)
GPIO.setup(21, GPIO.OUT)
GPIO.setup(19, GPIO.OUT)
GPIO.setup(26, GPIO.OUT)
GPIO.output(5, False)
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GPIO.output(6, False)
GPIO.output(13, False)
GPIO.output(21, False)
GPIO.output(19, False)
GPIO.output(26, False)
self.decay = 0.001e-3 # Measured from rise and fall times.

def setup (self, frequency, phase):
self.frequency = frequency
self.phase = phase

def start (self):
self._is_running = True
state = 0
if self.phase == 1:
hold = 1/self.frequency/6
while self._is_running:
state = self.sixPhaseForward(state, hold)

elif self.phase == 2:
hold = 1/self.frequency/5
while self._is_running:
state = self.fivePhaseForward(state, hold)

elif self.phase == 3:
hold = 1/self.frequency/4
while self._is_running:
state = self.fourPhaseForward(state, hold)

elif self.phase == 4:
hold = 1/self.frequency/6
while self._is_running:
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state = self.sixPhaseReverse(state, hold)

elif self.phase == 5:
hold = 1/self.frequency/5
while self._is_running:
state = self.fivePhaseReverse(state, hold)

elif self.phase == 6:
hold = 1/self.frequency/4
while self._is_running:
state = self.fourPhaseReverse(state, hold)

def stop (self):
self._is_running = False
GPIO.output(5, False)
GPIO.output(6, False)
GPIO.output(13, False)
GPIO.output(21, False)
GPIO.output(19, False)
GPIO.output(26, False)
return False

def fourPhaseForward (self, state, hold):
if state == 0:
print(state)
state = 1
time.sleep(hold)
elif state == 1:
print(state)
state = 2
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time.sleep(hold)
elif state == 2:
print(state)
state = 3
time.sleep(hold)
elif state == 3:
print(state)
state = 4
time.sleep(hold)
elif state == 4:
print(state)
state = 1
time.sleep(hold)

return state

def fivePhaseForward (self, state, hold):
if state == 0:
print(state)
state = 1
time.sleep(hold)
elif state == 1:
print(state)
state = 2
time.sleep(hold)
elif state == 2:
print(state)
state = 3
time.sleep(hold)
elif state == 3:
print(state)
state = 4
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time.sleep(hold)
elif state == 4:
print(state)
state = 5
time.sleep(hold)
elif state == 5:
print(state)
state = 1
time.sleep(hold)

return state

def sixPhaseForward (self, state, hold):
if state == 0:
self.oneOff(hold)
self.twoOff(hold)
self.threeOff(hold)
time.sleep(hold)
self.oneOn(hold)
state = 1
time.sleep(hold)
elif state == 1:
self.twoOn(hold)
state = 2
time.sleep(hold)
elif state == 2:
self.threeOn(hold)
state = 3
time.sleep(hold)
elif state == 3:
self.oneOff(hold)
state = 4
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time.sleep(hold)
elif state == 4:
self.twoOff(hold)
state = 5
time.sleep(hold)
elif state == 5:
self.oneOn(hold)
state = 6
time.sleep(hold)
elif state == 6:
self.threeOff(hold)
state = 1
time.sleep(hold)

return state

def fourPhaseReverse (self, state, hold):
if state == 0:
print(state)
state = 4
time.sleep(hold)
elif state == 1:
print(state)
state = 4
time.sleep(hold)
elif state == 2:
print(state)
state = 1
time.sleep(hold)
elif state == 3:
print(state)
state = 2
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time.sleep(hold)
elif state == 4:
print(state)
state = 3
time.sleep(hold)

return state

def fivePhaseReverse (self, state, hold):
if state == 0:
print(state)
state = 5
time.sleep(hold)
elif state == 1:
print(state)
state = 5
time.sleep(hold)
elif state == 2:
print(state)
state = 1
time.sleep(hold)
elif state == 3:
print(state)
state = 2
time.sleep(hold)
elif state == 4:
print(state)
state = 3
time.sleep(hold)
elif state == 5:
print(state)
state = 4
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time.sleep(hold)

return state

def sixPhaseReverse (self, state, hold):
if state == 0:
self.oneOff(hold)
self.twoOff(hold)
self.threeOff(hold)
time.sleep(hold)
self.oneOn(hold)
state = 6
time.sleep(hold)
elif state == 1:
self.twoOn(hold)
state = 6
time.sleep(hold)
elif state == 2:
self.threeOn(hold)
state = 1
time.sleep(hold)
elif state == 3:
self.oneOff(hold)
state = 2
time.sleep(hold)
elif state == 4:
self.twoOff(hold)
state = 3
time.sleep(hold)
elif state == 5:
self.oneOn(hold)
state = 4
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time.sleep(hold)
elif state == 6:
self.threeOff(hold)
state = 5
time.sleep(hold)

return state

def oneOn(self, hold):
GPIO.output(6, False)
time.sleep(self.decay)
GPIO.output(5, True)

def oneOff(self, hold):
GPIO.output(5, False)
time.sleep(self.decay)
GPIO.output(6, True)

def twoOn(self, hold):
GPIO.output(19, False)
time.sleep(self.decay)
GPIO.output(13, True)

def twoOff(self, hold):
GPIO.output(13, False)
time.sleep(self.decay)
GPIO.output(19, True)

def threeOn(self, hold):
GPIO.output(21, False)
time.sleep(self.decay)
GPIO.output(26, True)
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def threeOff(self, hold):
GPIO.output(26, False)
time.sleep(self.decay)
GPIO.output(21, True)
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APPENDIX C.

C.1

FABRICATION RECIPES

Fabrication Recipe for Nanopumps

1. Base oxide
(a) 300 nm, thermally grown.
2. Pattern cores and trench
(a) Pattern with 2020.
(b) Etch in BOE down to 100-150nm.
(c) Etch for 40s, depth should be 130.67nm.
3. Cores
(a) Evaporate 100 nm of aluminum. Put the liftoff fixture in the e beam so that the wafer
is directly above the crucible. Use a tooling factor of 115.
4. Strip resist, and lift off aluminum
(a) Soak in acetone, about 30min. Get rid of the big pieces of aluminum before using the
soniator.
(b) Scrub with swab to remove the flakes.
5. Etch in CR-7
(a) Etch for 4 minutes in CR-7, room temperature. This process should remove the smallest
flakes of aluminum from the liftoff.
6. Grow 200nm SiO2.

106

(a) Use the Stout Low Positive Stress recipe on PECVD3. The growth rate is about
82nm/min.
7. Test membrane for holes
(a) Dip in KOH at 50C for 3 minutes to test the membrane for defects and to remove stray
aluminum spikes.
8. Grow stop etch
(a) Grow silicon in PECVD2 or evaporate nickel to form a stop etch layer.
9. Grow mask oxide
(a) For silicon stop etch layers, grow a 150 nm layer of SiO2 in PECVD3.
10. Pattern stop etch
(a) Pattern SiO2 and etch in BOE.
(b) Etch silicon in KOH at 50C for about 10 s.
(c) Etch nickel in nickel etchant at 60C.
11. Grow 2.5um of SiO2.
(a) About 30 minutes using the Stout Low Positive Stress recipe.
12. Pattern and etch reservoirs.
(a) HMDS vapor prime.
(b) Pattern with 3330.
(c) Descum.
(d) Etch in BOE for 2:45
13. Etch in Aqua Regia.
(a) HCl:HNO3 (3:2), heat to 90 ◦C. Etch takes about 4 hours.
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14. Soak in water.
(a) Long soak to remove etch products, about 1 hour.
15. Prepare surface and pattern.
(a) Dip in Nanostrip heated to 90 ◦C, rinse.
(b) Dehydrate for 30 minutes.
(c) Etch in Anelva, 75mTorr, 150W, 30s, CF4.
(d) Follow typical 3330 recipe, no HMDS.
16. Etch to stop etch patterns.
(a) 2:30 in BOE.
17. Evaporate aluminum and lift off.
(a) 100nm aluminum.
(b) Lift off for at least one hour in acetone.
18. Channel conditioning in Nanostrip.
(a) Immerse in Nanostrip at room temperature for about 2 minutes.
(b) Soak in water for about 1 hour to remove acid.

C.2

Low-Positive Stress PECVD Oxide
The recipe for producing a low-positive stress layer includes several preparatory steps. The

chamber needs to be conditioned to produce a uniform film, so a seasoning run of 45 minutes
is recommended. Longer may be needed, and the film will exhibit defects (such as pitting) or
unstable intrinsic stress readings if the seasoning run was not long enough. After the seasoning
run the growth rate should be checked by running a test wafer, targeting a short (150 nm) film
thickness. When the growth rate differs significantly from past the films should be checked for
problems. The parameters for the growth are given here for the PECVD3 machine in the IML.
Table temperature: 250 ◦C, pressure: 1850.0 mTorr, power: 21 W, 5% SiH4/Ar flow rate: 164
sccm, N2O flow rate: 88 sccm.
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